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SHORT  INTRODUCTION  TO  CONTENTS 


Both  in  China  and.  abroad,  in  thermal  physics  and  engineering  circles,  the  trend 
in  the  design  of  new  types  of  combustion  chambers  is  to  combine  the  use  of  aerodynamics, 

-he  science  of  heat  transfer  and  heat  train sfe ring  materials  and  the  theory  of  the 
science  of  combustion  with  experimental  testing  carried  out  by  using  the  technology 
available  for  precise,  high  speed,  automatic  measurements;  the  theoretical  knowledge 
available  and  the  data  which  can  be  obtained  are  then  combined  to  improve  the  Quality 
of  physical  and  mathematical  models  of  the  flow  fields  in  question;  programs  for  the 
calculations  are  arranged,  and  computers  are  used  to  figure  cut  flow  field  character^ 
istics  and,  at  the  same  time,  collaborate  the  test  results. 

This  book  analyses  the  air  flow  structures  and  flow  field  characteristics  of  the 
combustion  chambers  of  jet  engines  from  the  point  of  view  of  aerodynamics;  it  ir. ■‘•re¬ 
duces  basic  concepts  and  basic  ecmatians,  and  it  places  emphasis  on  theory  and  exper¬ 
imentation  describing  vortex  flow  fields  and  turbulence  rats;  this  is  to  form  a 
preparatory  foundation  for  the  numerical  calculation  of  combustion  chamber  flew  fie  las. 

There  are  sixteen  chapters  all  together  in  this  book,  and  it  could  be  usefu] ' y 
studied  by  senior  students  or  research  personnel  specializing  in  thermal  physics  eng¬ 
ineering  and  dynamics  at  major  technical  academies  and  schools;  it  can  also  be  use¬ 
fully  studied  by  scientific  and  technical  personnel  in  fields  related  to  combustion. 
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CHAPTER  1  INTRODUCTION 


Section  1  Capability  Targets  for  Combustion  Chambers  of  Turbine  Jet  Engines 

Combustion  chambers  are  the  "ovens"  of  turbine  jet  engines,  called  "turbine 
jets"  for  short.  With  air  flow,  fuel  injection  and  ignition,  one  gets  combustion 
which  throws  out  heat  energy  and  increases  air  flow.  High  pressure,  high  temper¬ 
ature  gases  flow  through  the  turbine  wheels,  and  the  expansion  of  these  gases 
inside  the  jet  tubes  creates  power.  If  there  is  no  air  flow,  there  is  no  com¬ 
bustion,  and  the  "turbine  jet"  cannot  maintain  its  functioning  cycle.  If  com¬ 
bustion  is  bad,  then,  the  capabilities  of  turbine  jets  cannot  be  good. 

Aircraft  fly  in  different  climates,  at  different  altitudes  and  different 
speeds.  The  technological  requirements  for  the  combustion  chambers  of  turbine 
jets  must  be  particularly  3trict.  It  is  required  that,  within  the  "flight  envel¬ 
ope",  engines  not  be  extinguished,  that  combustion  be  fast,  stable,  even  and  good, 
lo-.'cr.d  this,  it  is  also  required  that  there  be  few  combustion  chamber  failures, 
that  chamber  life  is  long  and  that  the  chambers  are  small  in  volume  and  light  in 
weight.  The  quality  of  combustion  produced  by  various  combustion  chambe  c  ar- 
called  "capability  targets." 

A  fighter  aircraft  flies  above  an  isothermic  layer,  and,  because  it  has 
developed  a  flame  out  malfunction,  the  compressor  turbines  turn  in  vain.  3h 
such  a  circumstance,  the  combustion  chamber  intake  pressure  can  drop  to 
0.5  (ll/cra-);  temperature  can  drop  to  t^  a*:  “30  (C);  and,  flow  speed  con  rise 
as  high  as  "tu'®*’  100  (m/s).  ISie  only  thing  to  do  is  to  dive  to  a  lower  altitude 
or  temporarily  change  over  to  gasoline;  moreover,  one  must  inject  oxygen,  and, 
only  then,  can  the  engine  be  reignited.  The  altitude  at  which  an  extinguished 
engine  c-n  be  roigpited  is  called  "ignition  altitude";  it  is  generally  between 
8000  and  V?r  0  n.  Igiition  altitudes  are  safe  altitudes. 

3y  using  the  volume  of  flow  Q  (m^/s)  to  eliminate  the  combustion  chamber 
volume  V  (m^),  one  can  obtain  the  air  flow  "stop  over  period"  (ms).  3h 

this  period  of  time,  the  air  intake  volume  G  must  be  apportioned  to  various  areas, 
the  jet  fuel  must  be  atomized,  vaporized,  mixed,  heat  must  be  released  by  chemical 
reaction,  the  air  mixture  must  be  rebum ed,  the  temperature  must  be  lowered,  etc; 

and  all  these  processes  must  take  place  in  a  timely  manner  because,  only  then,  can 
continuous,  stable  combustion  be  sustained. 


Combustion  is  the  violent  collision  of  molecules  of  oxygen  with  molecules  of 
fuel  in  such  a  way  as  to  destroy  the  structure  of  the  fuel  molecules  and  form 
molecules  of  a  new  compound.  Under  conditions  of  high  temperature  and  pressure, 
molecules  have  many  opportunities  to  collide  and  many  opportunities  to  reform; 
the  chemical  reaction  time  t^  ^  1  (ms).  As  far  as  speed  of  combustion  i3  concerned, 
it  is  primarily  decided  by  the  speeds  of  air  flow  distribution  and  mixing.  Aero¬ 
dynamic  nozzles  and  vapor  tubes  cause  liquid  fuel  to  atomize  ahead  of  schedule, 
which  causes  vapor  and  shortens  the  mixing  preparation  time  within  the  combustion 
c -  amber.  One  cdn  say,  "Tv<=n  nixing  means  fast  burning. "  Within  a  combustion 
chamber,  how  many  kilocalories  of  heat  energy  can  be  produced  by  each  square  meter 
of  volume,  for  each  hour,  for  each  atmosphere  of  pressure  is  called  "heat  emission 

n 

strength*’  or  I.  The  I  value  for  turbine  jet  combustion  chambers  is  (2  ~  5)x  10' 
(kcal/nr.  hr  •  atm)§  the  same  value  for  a  normal  boiler  is, 5*  10?  (kcal/m  *hr  •  atm); 
so,  the  combustion  chamber  is  about  100  times  hotter.  Given  a  fixed  value  of  I, 
it  is  possible  to  estLmr>+->  *h<»  volume  of  the  combustion  chamber  involved. 

According  to  the  quantitative  equilibrium  equations  for  the  chemical  reactions, 
every  kg  of  kerosene  will  bum  its  precisely  required  nuantity  of  air  L^-of  1A.7. 

The  actual  ratio  between  air  flow  quantity  G  and  Lq  is  called  the  gas  remainder 
coefficient  3.  When  a  turbine  jet  is  cruising  at  high  altitudes,  the  amount  of 
air  entering  the  chamber  G  can  be  right  around  12C  tines  the  amount  of  fuel  being 
injected  Gf;  under  maximum  conditions  it  will  be  around  50  times  G^.  That  is  to 
say  that  the  whole  variation  range  for  the  gas  remainder  coefficient  a  is  vide, 
i.e.  3.5  8.  In  actuality,  when  local  values  of  »>  2,  it  is  very  difficult 

to  ignite  the  fuel.  Therefore,  no  matter  what  kind  of  operational  configuration 
a  turbine  jet  i3  in,  it  is  necessary  to  +ake  pains  to  maintain  the  local  value  of 
the  gas  remainder  coefficient  in  the  main  combustion  area  of  the  combustion  cham¬ 
ber  within  the  range  0.5  <o<  1  in  order  to  prevent  flame  out.  The  average  in¬ 

take  air  flew  speed  for  comcu3tion  chambers  can  be  in  the  range  of  o,a<  30-100 
(m/s).  Stability  of  comlustion  is  evidenced  by  such  things  as  tolerance  of  a  ride 
range  of  lean  and  rich  mixtures,  low  temperature,  low  pressure,  high  air  speed, 
while  still  maintaining  flame  stability  and  vigor  without  deviation  or  flame  out. 

As  far  as  the  use  of  high  capability  ignition  gear  for  the  forcing  of  igni¬ 
tion  is  concerned,  when  such  equipment  is  used  to  start  aircraft  in  cold  weather, 
it  is  particularly  important  to  be  sure  that  the  throttle  is  not  pushed  too  fast 
increasing  speed  too  violently.  Because  of  the  fact  that  when  rotation  speed  is 
low,  kerosene  atomization ,  vaporizing  and  mixing  are  not  yet  completely  prepared 
for,  it  is  not  possible  to  achieve  stable  combustion  in  the  main  combustion  area. 

However,  if  forced  ignition  is  not  stopped,  the  fire  can  flow  down  and  reach  the 
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exhaust  port  of  the  combustion  chamber  or  even  the  turbine  wheels  before  it  really 
stares  to  bum;  this  condition  raises  the  temperature  but  does  not  increase  the 
rotation  speed  of  the  turbine;  this  can  lead  to  the  destruction  of  the  turbine 
fan  blades  by  the  heat.  This  is  called  a  "heat  stoppage"  malfunction. 

There  are  three  important  indicators  of  good  combustion : 

(l)  Overall  combustion  efficiency  7  and  Local  Combustion  Efficiency  7. 

Make  3s  the  fuel  heat  value,  7=1 /alo=  the  fuel  to  air  ratio*  let  the  total 

heat  content  of  the  gases  when  they  are  at  the  exhaust  port  of  the  combustion 

* 

chamber  and  have  already  be^  burned  =  i,;  and,  let  the  total  heat  content  of 

■*  ' 

air  at  the  intake  port  =  i^#  If  one  takes  each  kilogram  of  air  as  the  basis, 
then 

overall  combustion  efficiency  7  —  .0  +  £ Hh  <j0 


'•/e  already  know  we  measure  the  average  overall  temperature  of  the  intake 

and  exhaust  gas  flow  T*  and  .  and,  ve  *-rt  figure  by  checking  a  gas  heat  eng- 

-  *  *  . 
ir.eering  properties  chart  or  by  getting  and  i,,.  At  the  present  time,  <f5»99% 

for  the  main  combustion  chambers  of  turbine  jets.  This  is  a  numerical  value  for 

this  characteristic,  which  is  obtained  through  3tatic  engine  testing.  In  flight 

<?  lirill  be  lower. 

In  the  interior  of  the  combustion  chamber,  measurements  of  local  fuel  con¬ 
centrations  in  different  parts  of  the  chamber  =  (kg/m^).  The  initial  fuel 

concentration  before  combustion  is  taken  to  equal  (kg/mOl  and,  the  fuel  con¬ 
sumption  ratio  0  »  C_/CL  •  Before  combustion,  <t>  =*°1;  after  combustion,  it 

equals  0. 

Local  combustion  efficiency  7  =  (1-  4>  )  the  local  rates  of  chemical 
reaction 


w  -  (7CO  -  -C,.  [kg/mJ  •  *]. 


Local  rates  of  combustion  7  follow  the  course  of  the  flew  and  gradually 

rises  until  it  reaches  the  overall  combustion  efficiency  7  » 

m  1 1|"\  &  vennes  s  ^ 

(2)  8t  the  level  of  the  exhaust  port  temperature  field  of  com¬ 

bustion  chambers. 
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Because  the  flow  speed  distribution  inside  coobusticn  chambers  is  uneven,  and 
the  distribution  of  fuel  concentration  is  uneven,  therefore,  there  is  no  way  for 
the  exhaust  port  temperature  distribution  to  be  even.  In  order  to  assure  the 
strength  level  of  the  turbine  fan  blades,  strict  limits  must  be  placed  on  the 
"uneven ess"  of  radial  and  circumferential  temperature  distributions  in  the  air  flow 
coming  out  the  exhaust  port: 

Define  8  -  Highest  overall  exhaust  -port  tesro-Avg  overall  exhaust  temp 
Avg  overall  exhaust  port  temp-Avg  overall  intake  temp 

3  4s - ^<25%. 

rr  -  r? 


If  one  can  raise  the  average,  overall  exhaust  port  temperature  for  combustion 

chambers,  ff  and  reduce  the  "uneveness",  8  ;  then,  it  is  certain  that  one  can  raise 
^ 

the  capabilities  of  turbine  jets.  If  can  be  raised  so  that  T*ss:  2000K,  then, 
low  temnerature  mixing  is  not  required  and  neither  is  assisted  combustion. 

(3)  'Tall  temperature  distributions  of  flame  tubes. 

The  material  in  the  *hin  panels  of  flame  tubes  have  a  limited  ability  to  res¬ 
ist  high  temperatures.  If  the  temperature  distribution  an  a  wall  surface  is  not 
even,  and  the  surfaces  are  subjected  to  aerodynamic  and  mechanical  vibrations, 
causing  stress  concentrations  along  the  edges  of  openings  in  the  panels,  it  is 
very  easy  to  have  fatigue,  creasing  damage,  cracking  and  complete  failure.  Pieces 
of  failed  material  can  then  flow  with  the  air  current  down  into  the  engine  where 
they  can  damage  the  turbine  fan  blades,  and  this  can  lead  to  a  whole  range  of  ac¬ 
cidents!  At  present,  localized  hot  spots  in  the  walls  of  flame  tubes  should  not 
exceed  850°C,  and  the  average  temperature  throughout  the  walls  is  6C0°C,  In 
order  to  prevent  overheating  of  the  flame  tubes,  first,  combustion  must  be  stable, 
that  is,  the  flames  must  not  expand,  wobble  or  consume  the  inside  of  the  tubes. 
Secondly,  air  film  cooling  or  "sweat  cooling"  must  be  used  to  protect  the  inside 
walls.  The  air  films  which  stick  to  the  inside  walls  of  the  tubes  very  seldom 
take  part  in  the  combustion,  and  are  not  a  main  force  in  the  operation  of  the  eng¬ 
ine;  therefore,  every  effort  must  be  made  to  reduce  the  amount  of  air  film  cooling; 
the  amount  of  air  used  for  this  purpose  should  not  exceed  25%. 

The  lack  of  carbon  accumulation  in  jet  tubes  and  around  jet  mouths,  the  lack 
of  exhaust  smoke,  minimal  quantities  of  the  poisonous  gases  CO  and  NO  in  exhaust. 
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a  minimal  amount  of  combustion  noise  —  all  these  things  are  also  are  indicators  of 
"good  burning."  The  Peoples  Laws  concerning  these  matters  set  3trict  limits  on 
exhaust  smoke*  CO  and  NO  content  of  exhaust  and  noise. 

If  one  is  to  achieve  fast  combustion*  stable  combustion  and  good  combustion, 
then*  the  construction  of  combustion  chambers  —  creaking  from  an  aerodynamic  point 
of  view  — —  poses  many  obstacles  and  limitations.  Por  example*  compressors* 
swirl  atomizers,  stabilizers,  evaporisatian  tubes  or  jet  nozzles,  as  well  as  -ur- 
r-?nt  iirection  baffles,  shunting' panel  mixing' apertures  and  narrow  cracks  can  all 
be  considered  as  obstacles;  forcing  air  currents  to  reduce  speed,  to  suddenly  in¬ 
tensify,  to  turn,  to  rotate,  to  divide,  to  blast  and  to  mix  can  all  be  considered 
as  limitations.  Uiese  "obstacles"  and  "limiaticns"  cause  air  flow  speed  distribu¬ 
tion  to  be  extremely  uneven;  this  produces  turbulence  and  vortices.  The  viscos— 
ity  'hear  forces  between  layers  of  air  and  the  friction  between  the  air  flow  and 

* 

the  solid  surfaces  of  the  engine  will  both  tend  to  reduce  the  total  pressure  A P  . 

tc. 

The  total  pressure  F  represents  the  hize  of  the  total  amount  of  mechanical  energy- 
in  the  air  flow;  that  is  to  say,  the  amount  of  work  that  the  expansion 

of  the  air  flow  is  capable  of  doing.  There  is  an  overall  pressure  loss  of  1%  in 
Trent  of  the  tail  jet  nozzle,  and  the  thrust  of  the  turbine  jet  is  reduced  by  some¬ 
thing  more  than  1°o.  Drops  in  air  flow  pressure  which  occur  ks  a  result  of  energy 
expended  in  order  to  overcome  blockages  are  called  "flow  blockage  losses."  Sven 
if  one  has  a  flat,  smo-th,  straight  tube  with  no  surface  friction  and  no  vortical 
turbulance,  it  only  takes  an  increase  in  the  heat  of  combustion,  and  such  an  incr¬ 
ease  will  necessrrily  increase  the  speed  of  the  air  flow  2nd  decrease  the  pressure. 
This  phenomenon  is  called  "heat  blockage  loss."  It  can  be  clearly  seen  from  all 
this  that  the  basic  contradiction  in  the  design  of  combustion  chambers  is  that  in 
order  to  improve  combustion  capabilities  one  must  introduce  many  flow  blockages 
and  heat  bloc’rages.  'The  general  pressure  ratio  between  the  exhaust  nozzle  and  the 
intake  nozzle  of  a  combustion  chamber  is  called  the  "general  pressure  repletion 
coefficient"  <r,  Por  combustion  chambers  of  the  same  form  and  dimensions,  it  is 
obvious  that  the  higher  cr,  is  the  better.  La  general,  4«*  should  be  >  0.94. 

A  "thermal  expansion  strength",  r;  which  has  a  high  value  is  a  reflection  of 
a  combustion  chamber  Which  has  a  small  volume.  The  design  of  a  turbine  jet  must 
make  rational  use  of  limited  space.  The  process  of  development  goes  from  single 
or  simple  tubes  to  interconnected  tubes  and,  finally,  to  the  tubular  combustion 
cavities  themselves.  Recently,  the  trend  has  been  toward  the  use  of  shortened 
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cavities,  double  cavities  and  sub-divided  cavities  in  the  construction  of  combustion 
chambers. 

Shortening  the  length  of  combustion  chambers  not  only  reduces  the  volume  of 
the  chamber  and  lightens  its  weight,  it  is  also  capable  of  reducing  the  amount  of 
air  reanired  for  air  film  cooling,  which  allows  the  absolute  maximum  amount  of  the 
air  entering  the  chamber  to  take  part  in  mixing  and  combustion}  shortening  the  span 
between  the  turbine  wheels  and  the  compressors  increases  rigidity  along  the  main 
axis  as  well  as  critical  rotation  speed. 

This  method  for  shortening  the  length  of  combustion  chambers  involves  short¬ 
ening  the  chamber  entry  compressor  or  the  use  of  a  "sudden  compression  fora"  .gas 
entry}  these  types  of  chamber  entries  take  advantage  of  vortex  reflux  and  shorten 
flame  length}  they  also  increase  the  maximum  permissible  temperature  in  front  of 
the  turbines,  T^,  and  increase  combustion  efficiency  ij  ;  therefore,  it  is  nossible 
to  shorten  or  eliminate  areas  of  supplementary  fuel  feed  and  lowered  temperature} 
with  such  a  design  it  is  possible  to  adjust  combustion  to  different  operational 
configurations  and  eliminate  exhaust  gas  passages. 

Because  their  heat  emission  strength  is  high,  their  operating  conditions  div¬ 
erse  and  their  technical  requirements  stringent,  the  general  overhaul  life  of  tur¬ 
bine  jet  combustion  chambers  is  much  shorter  than  that  of  naval  ship  boilers  or 
surface  ovens.  The  general  overhaul  life  for  the  combustion  chambers  of  fighter 
aircraft lauprcxiaately  200-500  hours.  The  general  overhaul  life  of  the  combustion 
chambers  of  civilian  aircraft  can  exceed  1000  hours.  All  the  technical  require¬ 
ments  for  a  combustion  chamber  cannot  be  satisfied  at  the  same  time.  For  example, 
fast  burning  and  long  life,  good  combustion  and  small  losses  are  contradictory 
requirements.  One  must  set  the  main  capability  targets  for  a  combustion  chamber 
according  to  its  intended  application. 

2.  Flow  Distribution  in  Combustion  Chambers  of  Turbine  Jet  Engines 

Fig  1.1  is  a  cross  section  diagram  of  the  cavity  of  a  connectings  tube  type  com¬ 
bustion  chamber.  The  compressors  send  air  flow  G  (kg/s)  through  the  cavity’s  pres¬ 
sure  intensification  apparatus  where  it  slows  down  and  is  pressured  into  the  com¬ 
bustion  chamber  entrance  with  an  average  flow  speed  of  (m/s),  a  density  of  '  p,, 
(kg/m3),  an  average  overall  pressure  of  ?*  (N/co^)  and  an  average  overall  temper¬ 
ature  of  ?*'  (K).  Distributions  for  the  entering  air  flow  G  in  certain  predetermined 
configurations  are  as  follows: 
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(l)  The  amount  of  gas  flowing  from  the  eddy  current  gear  into  the  main  com¬ 
bustion  area,  G^ ,  accounts  for  approximately  8-1  C%.  the  exhaust  at  the  end  of  the 
eddy  current  apparatus  is  fitted  with  flow  guide  baffles  which  have  numerous  holes 
in  them;  this  is  to  prevent  the  accumulation  of  carbon.  The  blades  of  the  eddy 
current  devices  force  the  air  flow  to  rotate;  this  creates  the  vortical  reflux  area 
(see  Chapter  6  for  a  detailed  treatment  of  this  subject). 

(?)  The  gas  volume,  G0,  which  flows  into  the  main  combustion  area  from  the 
pas  mixture  apertures  and  the  main  fuel  '  apertures  accounts  for  approximately 
1o-?C£i.  These  two  constituents  of  the  pas  volume  (G,-1-  G„)  and  the  amount  of  jet 
fuel  which  is  mixed  in  in  appropriate  proportions  together  form  a  local  gas  remain¬ 
der  coefficient  <*££',  l.C.  A  rich  mixture  in-  the  main  combustion  area  with  a<  1,0, 

is  advantageous  for  starting  combustion  and  for  the  stability  of  high  altitude  com- 

& 

busticn;  however,  the  local  combustion  efficiency  j?  is  too  lew,  and  a  relatively 
long  supplementary  combustion  area  is  required.  A  lean  mixture  in  the  main  com¬ 
bustion  area  with  « ^  1  has  advantages  which  are  the  exact  opposite  of  those  of 
a  rich  mixture. 

The  -ms  -olume  distribution  and  P*  and  of  the  gases  matering  the  flame  tube 
of  the  connected  tube  combustion  chamber  in  Fig  1,1  change  along  the  course  of  the 
flow. 

(p)  The  gas  volume,  G^,  which  comes  from  the  supplementary  fuel  aper¬ 
tures  and  enters  and  enters  the  supplementary  combustion  area  accounts  for  approx¬ 
imately  20-25;'.  If  the  main  combustion  area  has  a  ricn  mixture  to  begin  with, 
theoretically,  the  mutual  interaction  and  mixing  of  (l,+  G9+  1^)  and  G^,  should 
cause  the  local  gas  remainder  coefficient  at  the  exit  of  the  supplementary  com¬ 
bustion  area  to  reach  St*  2  with  local  combustion  efficiency  reaching  • 

(4)  The  gas  volume,  G* ,  which  is  altering  the  cooling  area  from  the  large 

T 

co'-' ling  aperture  added  to  the  gas  volume  used  in  air  film  coolinr,  Gc,  accounts 
for  ap-roximately  If  one  can  raise  the  overall  f ->nperature ,  ?7,  which 

is  permissible  for  entrance  into  the  turbines  from  1200°K  to  1600  K,  then,  it 
is  possible  to  reduce  the  amount  of  gas  necessary  for  cooling,  G^.  If  one  can 
shorten  the  combustion  chamber,  lessening  the  amount  of  wall  surface  necessary 
in  cooling,  then,  it  is  possible  to  reduce  the  amount  of  gas  used  in  the  air  film, 
Gc,  Not  only  can  this  raise  the  thermal  emission  strength,  I,  it  can  also  greatly 
lower  fuel  consumption,  sfc,  (the  number  of  kg  of  fuel  consumed  per  hour  for  each 
kg  of  thrust). 

In  Fig  1.1  one  can  see  that,  in  the  area  in  front  of  the  main  fuel 
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aperture*  that  is*  in  the  main  combustion  area*  the  drop  in  overall  pressure  and  the 
rise  in  overall  temperature  are  both  very  fast.  'This  explains  why  both  the  mixing 
and  combustion  of  air  and  fuel  are  very  violent. 


I.  Eddy  Current  Ar-aratus  2.  Gas  Mixture  Aperture  3.  Reflux  Area  4.  .'lain  Fuel 
Anerture  5*  Supplementary  Fuel  Aperture  5.  Air  Film  Cooling  Crack  7.  Cooling 
Aperture  8.  Outer  Cavity  Skin  9.  Jet  Nozzle  or  Mouth  10.  Plow  Guide  Baffle 

II.  Pressure  Intensification  Apparatus  12,  Main  Combustion  Area  13,  Supplementary 
Combustion  Area  14.  Cooling  Area  15,  Gas  'Guide  Tube  16,  Overall  Temperature 
1?»  Inner  Cavity  Skin  18,  Overall  Pressure  19.  Gas  Plow  Momentum 


Sec  3  Plow  Field  Structure  in  Combustion  Chambers  of  Turbine  Jet  Ihgines 


At  any  given  instant,  the  form  of  the  distribution  of  the  air  flow  speed  vector, 
V,  pressure  strength,  p,  fuel  concentration,  c^,  and  overall  temperature,  T*,  within 
a  limited  space  is  called  the  "flow  field  structure"  of  the  combustion  chamber,  or 


"speed  field",  "pressure  strength  field",  "concentration  field"  and  "temperature 
field."  Through  the  use  of  high  spe<»d  cameras  or  pulse  laser  integrated 
information  photography,  it  is  possible  to  photograph  a  certain  cross  section  of 
the  "air  flow  structure"  in  a  limited  space.  If  several  cross  sections  are  photo¬ 
graphed,  it  becanes  possible  to  analyse  the  "flow  field  structure"  of  the  space. 

Fuel  mist  vaporization,  3peed  of  diffusion  mixing  and  concentration  of  diffu¬ 
sion  and  mixing  are  all  determined  by  local  flew  3ne-'ds.  "Therefore,  the  "speed 
field  "  determines  the  "ccnc<»r.  field."  ''olaoular  collisions  and  the  speed 


and  amour*’* 


thermal  erairsi  n  7vc.t.  ’or.'.lusticr.  ire  ail  ieterr'.ined  by  local  temp¬ 


eratures,  pressures  and  fuel  concentrations.  Therefore,  'he  "concentration  field" 
determines  the  "temperature  field,"  Looking  at  it  from  thi3  point  of  view,  the 
speed  field  of  the  main  combustion  ar^a  determines  the  temperature  field  of  the 
exhaust  port  of  flame  tubes.  If  the  exhaust  port  temperature  distribution  dees 
not  measure  up  to  standards,  then,  it  is  necessary  to  imp-'ove  the  "flow  field 
structure"  of  the  main  combustion  area.  If  holes  or  secondary  seams  open  later 


in  the  middle  section  of  flame  tubes,  it  has  no  great  effect. 

Air  flow  is  movement  by  a  "collective  of  molecules "  or  a  "micro-mass  of  sas." 
?lcw  speed  is  the  speed  of  the  center  of  mass  of  the  "micro-mass  of  pas"  also  called 
the  "material  point  particle."  Even  if  the  collective  flow  speed,  V=Q,  if  one 
could  bore  into  the  microcosm  of  the  "micro-mass  of  gas,  one  would  see  large  num¬ 
bers  of  gas  molecules  each  haphazardly  ricocheting  and  colliding  with  each  other 
at  different  speeds,  U,  and  from  different  directions.  If  one  looks  at  the  sun¬ 
shine  which  penetrates  into  a  dark  room  through  a  crack  in  a  window,  one  can  see 
3moke  and  dust  rolling  and  bouncing  back  and  forth  in  the  column  of  light;  splash 
a  few  drops  of  perfume  here  and  there,  and  one  can  smell  it  throughout  a  whole 
room;  both  these  observations  are  manifestations  of  "molecular  motion."  finder 
conditions  of  standard  temperature  and  pressure,  every  22.4  liters  of  gas  contain 
II  =  6.023x10^  molecules.  Say  the  volume  of  the  "micro-mass  of  gas"  is  1  cm~i  it 

®  1  q 

still  contains  H  *.2.7x10  7  molecules.  According  to  the  theory  of  molecular  motion, 
temperature,  T,  expresses  the  level  of  intensity  of  the  linear  motion  of  molecules, 
or  it  represents  the  statistical  average  of  the  kinetic  energies  of  the  molecules 

(l/2)mU^.  it  has  nothing  to  do  with  the  volume  of  the  "micro-mass  of  gas."  Pres¬ 
sure  is  an  expression  of  the  size  of  the  strength  of  the  molecular  collisions 
which  occur  on  each  unit  of  surface  area  of  the  inner  wall  of  the  "micro-mass  of 
gas;  it  is  related  to  the  molecular  number  and  the  number  of  collisions.  Whan 
a  given  number  or  molecules  absorbs  thermal  energy,  its  movement  is  violent,  its 
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average  kinetic  energy  ia  large;  its  temperature  is  high;  the  space  between  one 
molecule  and.  another  is  widened;  the  volume  occupied  by  the  micro-mass  of  gas  is 
increased,  or,  one  could  say,  its  density  is  diminished*  Therefore,  if  the  number 
of  molecular  collisions  recieved  by  each  surface  area  unit  of  the  inner  wall  of 
the  micro -mass  of  gas  is  reduced,  then,  the  pressure  will  be  diminished. 

’■That  has  been  said  above  can  explain  why  the  air  flow  through  a  clean,  unob¬ 
structed  tube  must  be  speeded  up  as  soon  as  heat  is  added  to  the  system  and  the 
volume  of  the  micro-mass  of  gas  expands  if  the  air  flew  is  to  maintain  the  3ame 
speed  it  has  through  an  unobstructed  tube.  A  irc^  in  pressure  in  the  air  flow 
produces  a  "temperature  blockage." 

It  can  also  Explain  why  it  is  difficult  to  start  ignition  and  conbustion  under 
conditions  of  low  temperature  and  pressure.  Because  oxygen  molecules  and  molecules 
of  fuel  are  few  in  number,  their  motion  is  slow,  and  their  collisions  are  not  vio¬ 
lent  enough,  opportunities  for  their  combining  are  few. 

re  recognise  the  fact  that  ''flew  fields"  are  f o — 'ad  by  continuous  micro-masses 
of  gas  without  saps  of  spaces.  Tvcn  the  smallest  micro-masses  of  gas  are  much 
larger  than  the  dimensions  of  a  sinrle  molecule.  Therefore,  they  are  called 
continuous  media  or  macrocosms  and  are  not  considered  in  terms  of  molecular  noticn. 

The  influence  of  the  circumferential  pressure  which  is  recieved  by  the  micro- 
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masses  of  gas  can  cause  deformations.  When  the  density,  p, also  changes  in  line  with 
these  deformations,  it  is  called  the  "compressibity"  of  the  gas.  All  gases  are  com¬ 
pressible.  However,  when  the  air  flow  Mach  number  is  >1  *£  0.T0  or  the  flow  speed 
T  <  60  (m/s),  compressibility  is  not  noticable,  and  one  can  treat  gases  under  these 
conditions  as  nan-compressible  fluids,  that  is,  with  density,  approx imately  equal 
to  a  constant. 

Imagine  that  there  is  a  fixed,  rectangular  coordinate  system  superimposed  over 
the  flow  field.  The  coordinates  for  the  material  point  particle,  1,  of  a  certain 
micro-mass  of  gas  are  (x,y,z);  the  com^cnents  of  speed  vector,  V,  along  x,  y  and 
z  are  u,  v  and  w.  Using  x,  y  and  3  as  well  as  time,  r  ,  as  independent  variables, 
it  is  possible  to  write  functional  equations  for  the  flow  structure  by  using  stand¬ 
ard  values  for  the  variables  pi  T  and  p  of  the  micro-mass  of  gas  along  with  the 
components  of  the  vector  quantity,  V,  The  equations  are  as  follows* 

p  -  K*»  y-r  *>  ■<*,  fi 

7  —  TO,  y,  i/r)  *  *  —  tO,  ?,.*,  t) 

P  -  <o(*,  y,  r)  wr—  wO O 
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If  one  uses  experimentation  or  theoretical  methods  to  provide  precise  values 
for  the  functional  equations  above,  one  has  a  grasp  of  "flow  fields."  If  the  con¬ 
dition  parameters,  p,  T  and  ><,  as  well  as  the  flow  speed  vector  components  u,  v, 
and  w  do  not  vary  with  changes  in  time,  r-.»  then: 

dr  *  dr ‘dr dr?  &t 

are  all  equal  to  zero,  and  this  is  called  a  "steady  flow  field."  Chly  when  one  has 
appropriate  values  for  flight  altitude,  H,  flight  Mach  number,  M,  rotation  3peed,  * , 
air  intake,  G,  and  jet  fuel  quantity,  G^,  so  that  they  are  stable  and  unchanging, 
without  fluctuations,  and  there  is  stable  combustion,  can  cne  consider  there  to  be 
a  stable  flow  field  within  and  outside  the  flame  tubes. 

■hen  condition  parameters  and  flow  speed  vary  with  changes  in  one  coordinate, 
thi3  is  called  a  single-element  stable  flow  field;  when  condition  parameters  and 
flow  speed  vary  with  changes  in  two  coordinates,  this  is  called  a  two-element  stable 
flow  field;  and,  when  condition  rarar.eters  and  flow  speed  vary  with  changes  in 
three  coordinates,  this  is  called  a  three-element  stable  flow  field. 

Suppose  there  were  no  viscosity  shear  forces  between  micro-masses  of  jasj 
then,  luring  movements  of  the  micro-masses  of  gas  there  would  only  be  deformation 
displacement;  there  would  be  no  rotational  movement;  this  is  called  "non-rot- 
ational  displacement,  that  is,  it  depends  only  an  the  "pressure  gradient"  to  pro¬ 
duce  flow  speed*  If  cne  takes  the  material  particle  points  for  the  micro-masses 
of  gas  in  a  stable  flow  field  end  connects  them  together  to  form  a  line,  this  line 
is  called  the  "flow  line."  The  special  characteristics  of  "flow  lines"  are  as 
follows:  the  speed  vector,  V,  of  material  particle  points  correspond  everywhere 
to  the  flow  lines;  two  flcrw  lines  cannot  cross  each  other;  there  is  no  cross 
flow  speed,  therefore,  micro-mas ces  of  gas  cannot  cut  across  flow  lines;  the  dif¬ 
fusion  and  exchange  of  momentum,  mass  and  energy  between  flow  line  and  flow  line 
must  depend  on  molecular  motion;  the  rarity  or  density  of  the  intervals  between 
flow  lines  represents  the  amount  of  flow  passing  through  each  unit  cross  section 
perpendicular  to  the  lines  of  flow,  that  is  to  say,  the  size  of  the  "density  of 
flow",  pv\ 
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In  a  two-element  stable  flow  field  produced  in  a  wind  tunnel,  it  is  possible  to 
observe  a  smoke-marked  flow  line  curling  around  an  obstacle.  Hxcept  for  the  "tail 
flow"  area,  the  shape  of  the  flow  line  and  the  interval  between  it  and  other  flow 


lines  remain  almost  stable  and  unchanging* 

In  a  flow  field  without  a  rotational  value,  draw  a  set  of  closed  lines*  Proa 
the  various  points  on  these  lines,  extend  several  boundary  flow  lines  to  form  a 
boundary  wall  called  a  -flow  tube."  Obviously,  the  gases  flowing  inside  and  outside 
the  flow  tube  cannot  penetrate  its  sides.  This  principle  is  constantly  utilized 
in  the  designing  of  the  gas  flow  passages  of  turbine  jets,  that  is  to  say,  the 
-boundary  flow  lines”  of  the  sides  of  the  flow  tube  are  taken  to  represent  the 
shape  of  the  inside  walls  of  the  passages  involved.  For  example,  the  pressure  in¬ 
tensification  apparatus,  etc*,  cn  the  intake  of  'he  ocnbusticn  chambers  of  turbine 
jet  engines  cn  test  firing  beds. 

In  reality,  there  are  viscosity  shear  forces  between  micro-masses  of  gas. 
During  the  movement  of  micro-masses  of  gas,  there  are  not  only  deformation  displac¬ 
ements,  but  also  rotations  and  pulsations.  "Spirals"  are  nothing  but  the  violent 
rotation  of  micro-masses  of  gas,  also  called  "vortical  masses,"  Two  times  the 
engular  velocity  of  rotation  of  the  "vortical  masses",  2u>  •  is  called  "curl." 

Flow  fields  in  which  large  and  small  vortical  masses  roll  over  and  over  each  other 
md  pulsate  are  called  "turbulence  flew  fields."  "Turbulence  flow  fields"  are 


-instable  flow  fields,  therefore, 


is  act  -oc  :i‘:l ;  to  draw  cut  regular  flow  lines. 
However,  following  the* s’ ta£$ol  ave-ginj  rebels  of  "molecular  motion  theory", 
if  one  does  not  follow  the  progress  of  individual  "vortical  masses",  but  only 
observes  the  "average  time"  parameter  for  large  numbers  of  "vortical  masses  as 
they  flow  past  specific  points  in  a  turbulence  flew  field,  it  becomes  possible  to 
obtain  what  is  called  an  "average  time  parameter."  Hie  instantaneous  parameter  = 
the  average  time  parameter  +  the  pulsation  oarameter.  oymoolicai-y  -pea.cing,  if 
one  adds  a  horizontal  line  to  represent  an  av-rage  time  value  and  a  comma  3hape 
in  the  upper  right  to  denote  a  pulsation  value,  then,  it  is  possible  to  writes 


r  —  p  +  f 


3+0 


t-?  +  t' 

p  —  p  +  p 


v  —  *  +  y 

w  "»  W  +  w' 


In  the  laboratory,  it  is  possible  to  explore  flow  fields  using  regular  instru¬ 
ment  pickups  like  pitot  tubes,  thermo-couples,  etc.  $  because  the  pick-ups  have 
large  inertias,  the  measurements  from  them  are  only  of  average  pressures, t  during 
a  given  time,  of  average  temperatures,  T,  during  a  given  time,  and  of  average  flow 
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speed,  Vq  ,  during  a  given  time;  for  pulsation  parameters,  it  is  possible  to  use 
pick-ups  with  small  inertias  in  order  to  measure  the  "pulsation  wave  shape". 
Speaking  in  terms  of  these  average  time  parameters,  "turbulence  flow  fields"  can 
also  have  average  time  stable  states  and  average  time  flow  lines. 

The  special  characteristics  of  the  tumbling  and  pulsating  of  vortical  masses 
in  turbulence  flow  fields  are  as  follows:  the  diffusion  and  exchange  of  mass,  mom¬ 
entum  and  energy  between  vortical  masses  is  particularly  fast— from  ten  times  to 
several  hundred  times  faster  than  the  exchange  and  diffusion  accounted  for  by  "mol¬ 
ecular  motion."  The  use  of  eddy  current  apparatus  and  stabilizing  apparatus  in 
combustion  chambers  i3  nothing  but  an  attempt  to  utilize  the  particularly  high 
speeds  of  mixing  and  diffusion  which  exist  in  turbulence  flow  fields  in  order  to 
shorten  combustion  time  and  shorten  flame  length. 

See  4  Jet  Forms  in  Combustion  Chambers  of  Turbine  Jet  Engines 


It  does  not  matter  what  type  of  structure  a  combustion  chamber  has;  its  air 
flow  distribution  and  flow  field  structure  must  be  able  to  satisfy  the  following 
conditions:  mixing  of  fuel  and  air  must  be  erven;  ignition  must  be  fast;  com¬ 
bustion  must  be  stable;  flames  must  be  short;  and  the  combustion  chamber  must  put 
out  exhaust  gases  within  a  certain  limited  range  of  evenly  high  temperatures.  To 
meet  these  conditions  one  must  utilize  the  differential  between  the  inside  and  out¬ 
side  static  pressures  of  flame  tubes  or  the  impulse  pressure  of  intake  gases  as 
they  flow  through  the  eddy  current  apparatus,  large  apertures,  anall  apertures, 
cracks,  ducts,  jet  nozzles,  etc  and  enter  into  the  jet  flow  in  order  to  control 
the  flow  field  structure.  A  jet  is  a  current  which  passes  through  a  jet  nozzle 
from  one  space  into  another  space.  This  second  space  is  filled  with  either  sta¬ 
tionary  or  moving  gases.  This  current  may  have  the  same  composition  and  temper- 
ture  as  the  gases  around  it,  or  it  may  be  composed  of  different  elements  at  a 
different  temperature;  however,  on  all  surfaces  at  which  the  boundaries  of  the  jet 
contact  the  surrounding  environment,  the  static  pressures  are  the  same.  Depending 
cn  the  form  of  the  jet  nozzle  and  the  current,  jets  in  combustion  chambers  can  be 
divided  as  follow*: 

—  Flat  mouth,  two-element  jets,  as  in  long,  narrow  intern ixings  of  gases 

—  Hound  aperture,  three-element  jets,  as  found  in  the  cooling  apertures 
of  the  main  combustion  area 

-  Ring  mouth,  spiral  jets,  a«  found  in  the  eddy  current  apparatus 
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-  Narrow  crack,  half-jets  that  hug  wall  surfaces,  as  found  in  cooling 
gas  films 

-  Vapor  cones  shot  out  hy  the  small  apertures  of  straigit  fuel  spray 
nozzles 

-  Hollow  vapor  cones  shot  out  by  the  ring  nozzles  of  centrifugal  jets 

-  Fuel  and  air,  dual-state  rotational  jets  shot  out  by  jneumatic  jet 
nozzles 

-  Dual-state  .jets  put  out  by  vaporization  tubes,  which,  then,  collide 
with  Vr.eild  plates  to  form  radial  jets  and  vortices. 


'.■hen  cracks  form  in  the  walls  of  the  tubes  formed  along  the  flow  lines,  fan¬ 
shaped  jets  are  spewed  out  across  the  main  direction  of  flow  and  are  washed  away 
by  the  main  flow  to  form  a  curtain  of  gas;  the  reflux  area  behind  this  gas  curtain 
is  able  to  stabilize  flames  and  is  called  an  aerodynamic  stabilizer. 

All  the  various  types  of  flame  stabilizers  used  in  afterburners  are  blunt 
obstacles  and  form  reflux  areas  in  their  wakes.  These  wakes  and  jet  fields  have 
analogous  locations. 


r 
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1.  Combustion  Chamber  with  Double— cavity  Flame  Tube  and  Parallel  Flow  Difusicn  Flume 
7,  Fuel  Feed  Bassageway  f  3.  Disturbed  Flow  lattice  Snooths  Out  and  Rectifies  Air 

Flow  4.  Outer  Skin  5.  Pressure  Intensification  Apparatus  6.  Jet  Plume  7.  Double- 
Cavity  Flame  Tube 


Two  jets  can  flow  parallel  to  each  other;  they  can  flow  across  each  other  in  a 
perpendicular  way;  they  can  simply  intersect  each  other,  or,  they  can  directly  col¬ 
lide.  In  areas  in  which  neighboring  jets  come  into  contact  with  each  other,  there 
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are  sudden  changes  in  flow  speed;  this  produces  shear  layers  (  miring  layers)# 

Figure  1.2  shows  a  combustion  chamber  with  parallel  flow  jets  within  a  dou¬ 
ble  cavity  flame  tube  with  a  turbulence  flow  diffusion  plume.  Along  the  circum¬ 
ference  of  the  fuel  feed  passageways  there  are  two  sets  of  numerous  fuel  jet  noz¬ 
zles  which  put  out  numerous  vapor  cones.  The  air  intake,  G  ,  divides  to  become 

o 

three  layers;  the  first  layer  is  air  for  the  main  combustion  area*  G^;  the  second 
layer  is  the  air  for  the  supplementary  combustion  area,  Gn,  and  the  third  layer 

U 

is  the  air  that  goes  to  cocling,  G,;  in  turn,  this  air  is  supplied  to  the  double- 
cavity  flame  tubes  through  small  holes  in  the  vails.  The  jets  from  the  small 
holes  and  the  main  current  together  form  a  cross  current  curved  jet..  The  fuel 
vapor  evaporates  and  is  diffused  into  the  surrounding  cross  currents;  the  sur¬ 
rounding  air  disperses  in  the  directions  of  the  cross  currents  of  the  vapor  cones; 
upon  ignition,  these  become  blowtorch-like  plumes  with  length  =  L.  The  flew 
structure  is  simple;  however,  when  the  combustion  chamber  is  relatively  long, 
it  becomes  rather  clumsy. 

Figure  1.3  shows  the  flow  field  structure  for  the  cavity  of  a  flame  tube  with 
a  fuel  dispersion  plate.  The  air  intake,  Gq,  divides  itself  into  three  currents. 

One  current  of  air,  G^,  follows  the  spiral  flow  lines  from  the  time  they  advance 
on  the  air  plate  and  bore  through  the  holes  with  the  three- -fisb-scale  flaps 
into  the  forward  portion  of  the  flame  tube  cavity;  these  lines  then  mate  up  with 
the  vortical  flow  which  is  induced  by  the  fuel  dispersion  plate.  A  second  current 
of  air,  G^,  passes  through  the  hollow  nozzle  guide  vane  and,  from  there,  enters 
the  four  round  holes  at  the  end  of  the  gas  cone  where  it  is  blown  into  the  forward 
portion  of  the  flame  tube.  The  jets  from  these  holes  merge,  push  together  and 
expand  the  radius  of  the  vortex,  Mixed  and  cooled,  the  third  current  of  air,  G^, 

enters  the  rear  portion  of  the  cavity  by  following  the  rectangular  air  mix  cowling 
which  is  arranged  around  the  girth  of  the  flame  tube.  Because  the  vortex  induces  an 
attractive  force,  the  jet,  G-j.,  which  enters  the  cowling,  is  sub-divided  again  into 
two  currents;  one  current  is  drawn  forward  into  the  vortex,  and  one  current  is 
drawn  backward  almost  to  the  root  of  the  nozzle  guide  vane.  The  jets  from  the  three 
fisb-scale  holes  in  the  forward  gas  plate  flow  smoothly,  change  direction  and  merge 
to  become  an  intense  spiral  jet,  appropriate  for  use  by  the  eddy  .current  apparatus. 

The  jets  from  the  four  round  apertures  in  the  after  gas  plate  merge  to  become  jets 
with  a  fixed  direction;  these  jets  mate  up  with  vortices  to  form  ignition  sources 
and  to  function  as  flame  stabilizers.  The  cross  currents  that  enter  from  the  rectangular 
cowling  divide  to  form  branch  jets;  they  pass  through  the  flames  and  aid  the  functions 
of  mixing  and  cooling.  The  half  jets  that  <31  ter  from  the  air  film  cooling  cracks 


and  stick  to  the  walls  protect  the  flame  tube  and  the  side  walls  of  the  after  gas 
cone*  The  aerodynamic  structure  of  this  type  of  combustion  chamber  is  relatively 
complex,  and  combustion  in  an  undesigned  state  is  difficult  to  stabilize?  however, 
with  a  compact  design,  the  length  to  radius  ratio  of  combustion  chambers  can  be  made 
relatively  small,  and  their  weights  can  be  made  light. 

One  can  study  the  flow  fields  of  jets  independently,  from  the  points  of  view  of 
nozzle  size,  shape  and  location, 

?ec  5  Test  Production  Methods  for  Combustion  Chambers  of  Turbine  Jets 


(■>)  Component  Testing  Methods: 

With  reference  to  the  structure  of  various  types  of  combustion  chambers,  we 
cot- in  e-tod  selection  plans  with  other  components.  According  to  t\ie  various  prin¬ 
cipal  dimensions  in  the  estimates  of  the  unified,  stable  flow  field  required  by 
operational  conditions,  we  combined  our  experiences  and  made  decisions  for  the  des¬ 
ign  of  test  production  originals  of  components,  large  numbers  of  tests  were  run  on 
components  on  test  stands  and  in  high  altitude  chambers.  We  made  improvements  to 
the  design  over  and  over  again,  and  we  tested  over  and  over  again  until  the  capab¬ 
ilities  of  the  combustion  chamber  measured  up  to  the  required  standards,  then,  we 
reassembled  the  whole  mechanism  in  order  to  make  tests'  to  see  that  the  components 
mated  together  properly.  In  recent  years,  turbo-fans  have  already  developed  to  the 
point  where  air  flew  quantities,  G  ^  400?  in  the  case  of  turbine  jets,  G  ^  10 0 

|  Jd. 

(kg/s)?  overall  combustion  chamber  intake  pressures,  50  atmospheres,  and 

temperatures,  T?  at  900K.  Hie  use  of  components  in  original  dimensions  for  making 
•♦■ests  requires  very  large  sources  of  air  flow  and  pre-heating  equipment  as  well  as 
instrumentation  for  detection,  testing  and  recording  as  well  as  the  processing  of 
data, 

(2)  Simulation  Testing  Methods: 

In  employing  simulation  testing  methods,  first,  set  out  the  set  ©^differential 
equations  which  apply  to  the  flow  field  of  the  combustion  chamber  in  question.  Ac¬ 
cording  to  "equivalence  theory",  that  is,  the  idea  that,  if  the  original  form  of  a 
flow  field  and  its  simulated  form  are  geometrically  equivalent,  if  the  flow  condi¬ 
tions  of  the  two  are  equivalent,  and  if  both  their  motive  forces  and  their  heat 
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states  are  eauivalent,  then*  ~ov~r^l  "Trrir. ~lr,n  rf  »quivalence"  ''an  be  derived  frca 
the  differential  equations#  For  example,  the  Reynolds  u~.be  r»  Re  =  7L/*,;  the  Mach 
number#  M  »  7/a;  the  special  Prondtl  number#  Ft  =  *p»/i  ;  the  spiral  density 

number  Sc  =  w/D^  *  etc#  7  a  flow  3peed;  L  *  pas  .’.ge  diameter;  a  »  the  speed 
of  sound|  c  3  isostatic  specific  heat;  i:  *  rate  of  thermal  conductivity;  p  »  dyn¬ 
amic  viscosity;  '  *  =  kinetic  viscosity,  D  =  coefficient  of  diffusion.  Whether  one 
makes  a  reduced  scale  model  of  the  flow  fields  in  question  or  cuts  out  a  sector  of 
the  original,  on  the  test  bed  during  experimentation#  the  simulations  of  the  orig¬ 
inal  operational  configuaraticn  maintained  the  "principles  of  equivalence"  through¬ 
out,  lhe  scale  of  this  type  of  test  equipment  is  relatively  small;  the  number  of 
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repetitions  of  experiments  required  is  also  somewhat  reduced.  It  is  also  possible  to 
use  these  simulation  techniques  to  study  some  striking  phenomenon.  For  examples 

-Flow  simulation  testing  of  gas  mixture  bubbles.  It  is  possible  to  observe  the 
configuration  of  the  turbulent  flow  on  the  inside  and  the  outside  of  transparent 
models  in  order  to  aid  in  the  analysis  of  the  geometrical  configuration  and  air  flow 
distribution  of  combustion  chambers  so  as  to  determine  whether  they  are  satisfac¬ 
tory  or  not. 

-The  injection  of  helium  gas  into  the  vortical  reflux  area.  Simulations  with 
vapor  fuels  diffuse  the  mixing  process.  V/hen  one  extracts  a  sample  of  the  gases 
involved  and  analyses  them  using  a  chrcmatagraph,  it  is  possible  to  determine  the 
distribution  of  concentration. 

The  "principles  of  equivalence"  of  combustion  flow  fields  can  reach  more  than 
ten  in  number.  Turing  testing  it  is  not  possible  to  simulate  an  perfect  equivalent 
of  the  operational  configuration  and  flow  field  structure  of  the  original  form. 
Therefore,  the  results  cf  simulation  testing  have  limitations.  For  examples  when 
one  extracts  a  flame  tube  from  a  cannular  combustion  chamber  and  conducts  combustion 
tests  with  it  in  a  laboratory  air  channel,  one  discovers  that  the  ignition  range, 
the  combustion  efficiency,  the  overall  pressure  losses  and  the  exhaust  nozzle  temp¬ 
erature  field  all  fit  expectations  and  satisfy  requirements.  D  =  the  diameter  of 
the  flame  tube.  Jfeintaining  the  principles  of  equivalence,  the  following  must  be  true. 


•flien  this  is  compared  with  the  capabilities  as  measured  with  the  original  combustion 
chamber  complete  and  on  a  test  bed,  one  finds  that  the  reality  is  not  necessarily 
satisfactory.  The  standard  value  of  K  is  arrived  at  from  the  rate  of  chemical  reac¬ 
tion  and  the  gas  mass  stop-over  period;  it  does  not  take  into  consideration  the  "flew 
field  structures"  of  the  intake,  the  interior  and  the  external  surroundings  of  the 
flame  tube.  The  flow  field  structures  and  turbulent  flow  configurations  for  the 
interior  and  exterior  of  the  flame  tube  are  dissimilar  as  to  the  values  obtained  in 
the  laboratory  air  channel  and  those  obtained  when  the  complete  chamber  was  on  a 
test  bed;  the  air  flow  distributions  were  also  dissimilar. 

(3)  Numerical  Calculation  Methods: 

Physical  modeling:  The  flow  fields  of  combustion  chambers  are  relatively  com¬ 
plex.  3ie  reasons  for  this  include  the  fact  that  gases  are  compressible,  that  they 
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have  viscosity,  that  flow  fields  have  turbulence  flow  vortical  bodies  which  diffuse 
and  exchange  mas 3,  momentum  arid  energy,  that  they  have  chemical  reactions  which 
change  a  variety  of  the  constituents  of  the  gas <=3  involved,  that  they  have  different 
sise  fuel  droplets  which  vaporize  in  the  flow  and  change  the  local  concentrations; 
the  gases  involved  exchange  heat  by  radiation  and  convection  with  the  walls  of  the 
flame  tube;  moreover,  this  is  a  three-element  stable  flow  field.  It  i3  very  dif¬ 
ficult  to  sort  out  the  equations  for  the  mutually  interacting  influences  of  all 
the  physical  and  chemical  processes  going  on.  Therefore,  it  is  necessary,  on  the 
basis  of  r.h»  3 ‘.rue dural  form  of  the  combustion  chamber,  its  operational  configur¬ 
ation,  its  initial  conditions-  and  boundary  conditions,  to  divide  up  the  flow  field 
and  treat  its  various  pieces  differently,  AxisyraAric  flow  fields  can  be  simplified 
into  a  two— element  flow  field  on  a  meridian  surface.  Using  average  time  oarameters, 
it  is  possible  to  determine  that  it  is  a  stable  flow  field  when  averaged  over  time, 
•Tien  cne  uses  vaporization  tubes  or  vapor  fuels,  it  is  possible  to  leave  out  of 
consideration  the  influence  of  fuel  droplet  vaporization.  Assuming  that  combustion 
is  the  mixing  together  of  two  types  of  gases,  it  is  possible  to  reduce  the  number 
of  types  of  gases  involved.  Assuming  a  turbulent  flow  state  model,  it  is  possible 
to  initially  determine  the  coefficient  of  diffusion  for  mass,  momentum  and  energy, 
The  object  of  physical  modeling  is  to  highlight  important  contradictions,  to  ex¬ 
tract  the  regularities  governing  changes,  and,  finally,  to  analyse  the  flow  field 
structure  of  the  combustion  chamber  in  question, 

'Mathematical  modeling:  Based  on  the  independent  variables  chosen  for  phy¬ 
sical  modeling  (coordinates  x,  y,  z  ;  time,  r  )  and  the  dependent  variables  <t> 

(  flow  speed,  concentration,  temperature,  pressure,  etc)  as  well  as  on  the  prin-  • 
ciples  of  the  conservation  of  mass,  momentum  and  energy,  if  one  uses  the  equations 
of  Newtonian  viscosity  shear  stresses,  the  equations  of  Pei  Ke  for  the  diffusion  of 
matter  and  the  equations  of  Fa  Li— ye  for  rates  of  thermal  conductance,  it  is  pos¬ 
sible  to  work  out  the  continuity  equations,  certain  averaged  time  equations  as 
well  as  energy  equatians^and  so  on.  These  equations  constitute  a  set  of  nan-lin¬ 
ear,  second  degree,  nan-homogeneous  partial  differential  equations,  2xcept  under 
special  circumstances,  this  set  of  partial  differential  equations  is  very  difficult 
to  figure  out  from  a  theoretical  point  of  view. 

Difference  equations;  The  set  of  partial  differential  equations  discussed 

above  represents  a  set  of  related  equations  in  which  dependent  variables,  '<#> , 

a 

follow,  in  some  msnner,  independent  changes  which  are  introduced  separately  into 
an  independent  variable.  If  one  divides  flow  fields  up  into  logical  sections 
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in  the  form  of  a  fine  grid  pattern,  then,  this  grid  pattern  will  have  on  it  many 
"nodes."  The  values  for  the  dependent  variables ,  $  ,  as  well  as  the  derived  first 
and  second  degree  functions  of  the  stresses  involved  will  be  different.  Using  the 
distuice  between  two  neighboring  nodes,  which  is  called  the  "step  length,"  one 
replaces  dx,  dy,  dz  and  d!^  with  Ax,  Ay,  A.z  and  ,  Ar  in  the  set  of  equations* 
dy,  dz,  dv\  d4>dx,  d*<p/dx*  likewise  can  be  computed.  In  this  way  one  one 
changes  the  original  set  of  differential  equations  into  a  set  of  "limited  dif¬ 
ference"  "algebraic  equations"  which  can  also  be  called  a  3et  of  "difference  equa¬ 
tions. 

Computer  programing:  Using  computer  language,  take  the  operational  procedure 
for  selfengA3ets^of  differential  equations,  and  use  it  to  write  the  program!  then, 
put  in  the  computer.  If  one  has  made  the  model  of  the  flew  field  correctly  and 
written  the  program  correctly,  then,  in  ten  seconds  to  several  minutes,  the 
puter  will  give  you  a  print-cut  of  the  structure  of  the  flow  field. 


corn*" 


Chapter  2  Combustion  Chamber  Ihtry  Diffusers 


Sec  1  Diffuser  Performance  Requirements 


As  far  as  the  subsonic  portions  of  the  entry  passages  of  turbine  jets  are  con¬ 
cerned,  both  the  area  in  front  of  the  entry  to  the  main  combustion  chamber  and  the 
ar~a  in  front  of  the  entry  to  the  after  "burner  combustion  chamber  must  have  a  dif¬ 
fuser  to  reduce  ere.-r;  .a  increase  orarcu-e.  - o  far  as  the  diffuser  for  the  main 
combustion  chamber  is  concerned,  the  requirements  are  as  follows: 

(l)  It  must  take  the  air  flow  speed  coming  out  of  the  compressors,  i.e., 
u^=  120-2CQ  (m/e),  M^=  0.4-0, 4,  and  reduce  them  until  the  values  in  front  of  the 
*ntry  to  the  combustion  chamber  are  ul  =  JO-6 0  (m/s),  M^=  0. 1-0.2;  at  the  same 

tine,  the  diffuser  must  increase  the  static  pressure  of  the  air  flow  so  that  p0p»p1# 

«  ,  *-  * 
"hi ;  •■.•ill  insure  that  the  main  a>r.bustior.  area  allows  for  =c.-y  itniticn  and  stable 


scrabusticn. 

,  s  s* j S* f 

{2,  The  overall  pressure  recovery  coefficient  of  the  diffusers,  a  .  ff'  li.  is 
at  it3  maximum  which  is  the  same  as  saying  that  the  overe.ll  pressure  loss,Af*, 
must  be  minimized. 

(3)  In  order  to  prevent  boundary  layer  separation  an  the  inner  walls,  the 
exhaust  flow  speed  distribution  must  be  made  as  uniform  as  possible  in  order  to 
guard  against  a  shift  toward  a  pulsating  gas  flow  which  will  interf era  with  the 
distribution  of  the  amount  of  flow  and  the  flew  field  structure  in  the  flame  tubes 
under  different  types  of  operational  configurations. - 


See  2  'Dotal  Pressure  Losses  in  Diffusers 


There  are  two  reasons  for  a  loss  of  overall  pressure  'urir.g  the  process  of 
•diffusion:  boundary  layer  separation  and  surface  friction.  Pig  2.1  (a)  is  a 
chart  of  the  flow  lines  in  a  diffuser  passage  shaped  like  a  conic  section;  Fig. 
2.1  (b)  shows  local  boundary  layer  separations  which  have  given  rise  to  spiral 
turbulence.  3ecause  of  the  viscosity  of  the  gas,  the  speed  of  the  flow  line  s-x, 
which  sticks  close  to  the  surface  of  the  wall,  has  the  value,  u  =  0.  The  flew 
speed  of  the  flow  line,  n*  alcng  the  wall  gets  larger  the  closer  it  comes  to  the 
main  flow  until,  when  it  reaches  the  place  where  the  thickness  of  the  boundary 
layer  is  * ,  the  flow  speed  has  already  approached  the  flow  speed  of  the  main 
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flow,  u  =  0.99U.  Within  the  boundary  layer,  the  laminar  spe s ,  u,  along  n  are  dis¬ 
tributed  according  to  fixed  laws.  There  is  a  direct  ratio  (  du/dn  )  b°twe^  the 
stress  caused  by  the  viscous  friction  between  two  layers  of  gas  which  are  flowing  at 
different  rates  of  speed,  r*  and  the  gradient  of  the  changes  in  flow  speed  which 
exists  between  two  such  layers: 


[N/W] 

On 


(2.1) 


"  of  a  pas,  .The  engine0  ring  iso  it  is  (kg«  s/m“);  the 
physical  unit  is  (N*  s/m'),  ^/p:  )  =  »  ,  and  this  is  called  "kinetic  viscosity"; 

the  unit  for  this  quantity  is  (m  /s).  Gases  are  the  exact  opposite  of  liquids  in 
the  respect  that  increases  in  the  viscosity  of  a  pas  follow  increases  in  the  temp¬ 
erature  of  the  gas.  Tor  example,  between  ?0°G  and  100°C,  the  value  of  m  for 
water  drops  from  1,03x10"^  to  0.20x10  ^(kg*  s/m“);  in  the  same  temperature  range, 
the  value  of  /*  for  air  actually  increases  from  1 . 'xIO-0  to  f.f'bcio”0  (kg*  s/n~ ;. 


In  the  diffusion  passage,  gas  can  only  flow  by  overcoming  the  pressure  boost 
gradient  (  dp/dx  ,)•  The  mass  of  the  micro-masses  of  gas  must  have  sufficient 
momentum,  »,  to  overcome  the  viscous  drag,  f  “  '  r  ;  only  then  can  it 

flow.  D  s  the  internal  diameter  of  the  tube;  /■=  the  length  of  the  tube.  In 
the  boundary  layers,  the  closer  one  gets  to  the  surface  of  the  walls  the  lower 
are  the  values  for  the  flow  speed,  u.  Imagine,  in  Tig  2.1  (b),  that,  •■/hen  the 


Pig  2.1 

1.  Diffusion  Passage  and  Boundary  Layer  Separation  2,  Main  Plow 


static  pressure  is  sufficiently  high,  and  the  flow  speed  gradient  (  du/3»  .  )  reaches 

the  place  where  it  equals  0;  then,  the  layer  of  gas  that  sticks  to  the  wall  will 
be  unable  to  flow,  and  it  will  begin  to  separate  from  the  surface  of  the  wall  at 
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point  s.  It  is  not  permissible  that  there  should  be  a  vacuum  between  the  separated 
flow  and  the  surface  of  the  wall.  Because  of  this,  the  gas  which  flows  down  against 
the  current  and  fills  in  the  vacuum  creates  a  negative  flow  speed  gradient  along 
flow  line,  »],  -  t(du/d«)  i#  <Phe  counter-current  is  erroded  and  overcome  by  the  sep¬ 
arated  air  current  and  turned  so  that  it  flows  with  the  main  current,  creating  a 
vortical  turbulence  flow,  This  vortical  air  mass  spirals  at  high  speed  consuming 
energy.  Because  of  this  there  is  a  loss  in  overall  pressures 


p  does  not  change,  so 


-t)1 

2  V  A }/ 


<J>  is  called  the  "coefficient  of  expansion"  and  is  related  to  the  angle  cf  expansion 
2 Q,  Concerning  equal  cross  sections  of  a  straight  tube,  where  there  is  no 

expansion;  20  =  0;  there  is  no  reduction  in  speed  or  increase  in  pressure;  there 
is  no  separation;  <£•  =  0.  If  20  =  130°,  suddenly  there  i3  expansion;  suddenly 
there  is  reduction  in  speed  and  separation;  >  tf>>  =  1#  Fig  2.2  draws  out  the  curve 
described  by  the  values  of  the  coefficient  of  expansion,  as  they  vary  with 
changes  in  the  angle  of  expansion,  20  f  these  values  reflect  conditions  in  a  conic 
section— tyoe  diffuser#  .'/hen  "20*  =  60^,  '4*  can  be  1#2#  This  is  due  to  the  •‘■act  that 
ther-'  is  separation  of  the  boundary  layers  all  along  the  walls  of  the  diffusion 
passage;  moreover,  this  is  accompanied  by  periodic  pulsations;  in  this  situation 
the  overall  rrescure  is  still  large  compared  to  losses  from  sudden  diffusion#  •-'•fter 
'•he  angle  cf  exrar.sicn,  20*,  reaches  the  point  where  it  is  40°,  it  is  better  not 
to  use  a  straight  tube  for  sudden  diffusion  and  the  reduction  of  speed;  however,  the- 
use  of  such  a  tube  does  lessen  the  losses  due  to  separation. 

'.Aian  the  air  flow  overcomes  the  friction  drag  of  the  inside  walls  of  the  diffuser, 

M-  , 

f  ,  there  is  an  accompanying  loss  of  overall  pressure,  1  •  'Ehe  losses  in 

overall  pressure  from  friction  drag  are  defined  by  the  following  equation 


.  *  ,  <t  Z 


it  is  called  the  "coefficient  of  friction  drag;"  it  is  a  function  of  the  degree  of 
roughness  of  the  wall  surfaces  and  the  Reynolds  number  of  the  intake  as  defined  by 
the  equation  below 


2300<Re<  10’, 


S,  —  0.3164  Re-*  25  (2.4) 


Rc>  10’  UlJg, 


s,  -  0.0032  +  0.221  Re-8'737  (2.5) 


Zxperimentatian  proves  that,  when  the  inside  walls  are  smooth,  Re  >  10^,  it0*’  0.004 

and  there  is  almost  no  change. 


=F 

1 

— 

~h 

% 

^3, 

-f- 

0*  II*  40*  60*  10*  100*120*140*160*110* 


m.2 


Fig  2.2 

1.  Curve  Defined  by  Changes  in  the  "Coefficient  of  2spansian”,  for  a  Conic  Sec¬ 
tion  -type  Diffuser 

There  are  two  types  of  overall  pressure  losses  that  must  be  figured  together  when 
dealing  with  diffusers;  they  are  defined  by  the  following  equations: 

a?*  -  +  (af*),  -  Pro  -  *\  (2.6) 


24 


Sec  3  Coefficient  of  Total  Diffuser  Pressure  Losses 


It  is  possible  to  use  different  values  of  the  angle  of  expansion*  '.2 in  con¬ 
ducting  wind  tunnel-type  experiments.  In  such  experiments*  the  area  to  be  studied  is 
divided  into  parts  and  roving  measurements  are  taken  of  the  total  pressures  at  var¬ 
ious  points  on  the  cross  sections  of  the  intake  and  exhaust;  an  the  basis  of  the  dis¬ 
tribution  of  the  amount  of  flow  A  or  momentum  pwdA  ,  it  is  possible  to  obtain 

the  weighted  average  total  pressures  P«  and  P,  *  that  is  to  say,  it  is  possible 

—  m  ft 

to  determine  a  precise  value  for  total  pressure  loss,  AP  =  }  therefore, 

it  is  possible  to  precisely  determine  the  total  pressure  recovery  coefficient,'.  <*. 
Aerodynamic  calculations  habitually  take  the  total  pressure  lors-.  &.P*to  be  several 
times  the  impact  head  or  kinetic  -pressure  of  the  intake,  a  =  ^  .  ,,  ;  this  is 

2 

called  :he  coefficient  of  total  pressure  loss  (  or,  flow  drag  coefficient)  £» 

using  the  speed  of  sound,  —  ,  it  is  possible  to  write: 


**'  9  jpoi  j-rMi 


—  (1  —  <r) 

1  Ml©' 


(2.7) 


St!  _  f  M£L^I  -i.  Mi),  (2.8) 


If  one  makes  a*— 18.3  V  T* ,  or  uses  coefficients  of  speed 

i,—  °i,  (rail -*—?!?,  (29) 

a  *  •  * 

it  is  possible  to  measure  tve  ratio  between  the  static  pressure  and  the  total  pres¬ 
sure  in  the  intake,  "(W*  md  determine  i  or  We  already  lmew  ;.  so  we 
can  simply  substitute  it  into  the  calculation*  Not  even  considering  the  diffuser. 


it  is  possible,  using  the  values  we  already  know  for  and  26  to  consult  Fig  2.3(a) 
and  obtain  the  coefficient  of  total  pressure  loss,  §  ,  for  an  incompressible  g as  flew 
If  one  is  considering  the  cross  section  of  a  rectangular  diffuBer,  use  Fig  2.3  (c); 
adjusted  for  the  influence  of  compressibility,  5  “ 


<U  0.4  OS  4.8  8,7 

•  V 

o)  $.  a  m,  a  z*  *-ft 


2«<I0* 
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Fig  2.3 

1 .  for  a  Conic  Section- type  Diffuser  as  it  Varies  With  Changes  in  and  2  0 

2.  Rectangular  Diffuser  3»  Conib  Section-type  Diffuser  4.  Correction  Factor 
5.  Sudden  Diffusion 


In  the  case  of  a  ring  cavity  diffuser,  it  is  first  necessary  to  make  substitutions 
so  that  it  can  be  treated  as  an  equivalent  conic  section-type  diffuser;  only  then 
can  one  apply  equation  2.2  or  use  Fig  2.3.  If  one  has  chosen  a  "turbine  jet"  des¬ 
ign  plan,  one  has  already  estimated  the  dimensions  of  the  outline  of  the  engine, 
and  one  already  knows  the  exterior  diameters,  and  D-,  for  the  intake  and  exhaust 


of  the  ring  cavity  diffuser  as  well  as  their  interior  diameters,  and  ,  and 
length  / then, 

-  The  area  of  the  intake  of  the  ring  cavity  is  At  —  —■  (2>?  —  5?>» 

-  15ie  length  of  the  circumference  is  L,  —  *(f?t  +  *7>); 

—  The  ar°?.  of  the  erhanst  of  the  ring  cavity  i3  Aj *-  — ■  (.Di  ~~  » 

4 

-  The  length  of  the  circumference  is  A, —  *<£), +  J i); 

—  The  intake  diame+er  of  the  equivalent  conic  section-type 
diffuser  is  D,  -■ 

L 

-  The  exhaust  diameter  is  n  _  4<4j. 

f*  l7’ 

-  The  angle  of  expansion  for  the  equivalent  conic  section  in 

(2.10) 


Sec  4'  Design  Methods  for  Interior  '.:alls  of  Diffusers 


The  shorter  is  the  length  l  of  the  diffuser  the  better  it  is.  '-'hen  cne  fig>- 
ures  out  the  angle  of  expansion,  20  ,  by  substituting  in  equation  (2.10),  it  turns 
out  to  be  quite  large.  In  order  to  prevent  boundary  layer  separation  and  to  reduce 
losses  in  overall  pressure,  one  must  always  employ  the  principle  of  "equal  pres¬ 
sure  gradients"  in  the  design  of  the  shape  of  the  interior  walls  of  diffusers. 

The  desigi  procedure  is  as  follows: 

(1)  Data  which  is  already  known:  intake  area,  A  ;  quantity  of  gas  flow,  0; 

overall  temperature,  T^;  overall  pressure,  Mach  nr  •  ier,  M^,  or  speed  coef¬ 
ficient,  area  extension  ratio,  A^,  «d  length,  ~l. 

(2)  Figure  out  and  D^,  and  figure  out  the  angle  of  expansion,  2®  < ,  using 
equation  (2.10). 

(3)  Consult  Fig  2.3  (a)  and  (c)  cn  the  basis  of  the  values  of  and  \  20  ,  and 
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(3)  (cant'd)  after  the  introduction  of  appropriate  corrections,  the  coefficient 
of  total  pressure  loss,  I 

ffsiflg  enuation  C?.")  or  (2.9)»  first  calculate  the  coefficient  of  total 

'•*'  v  -Jfr 

uress^9  recovery,  ar.d  P2  =,<T'  Pi* 

(5)  According  to  the  continuity  equation  of  flow  amount: 

C  -  0.396  -  0.396  [kg/*] 

V  ft  v  r? 

(2.11) 

■Rocause1^-3  f 3  an  adiabatic  aerodynamic  recess,  the  overall  temperature  along  the 
chael  do<=s  not  change,  that  is,  therefore: 


<?(!,)  -  9(1.)  -4-, 

CT/lj 


•n0  0t  a  precise  value  for  q( A  0),  check  out  the  charts  and  pet  values  for  ^ 
and’p)*  (-»12) 

5aaed  on  the  values  obtained  for  ' *  (  ^  and* *<( ^  2) ! 

-  Intake  static  aressure  is  pi  "■  P?*KO  (213) 

-  Fxhaust  static  pressure  is  pj  «“  PJ*(i»)  (2.14) 

-  The  static  pressure  at  x  is  (2.15) 

Determine  the  length,  1  ,  of  the  diffuser  along  the  horizontal  or  x  coordi- 
nby  using  the  scale,  First,  assume  that  the  total  pressure,  ?,  falls  from 
1  along  a  straight  line,  x.  (Fig  2.4)  Calculating  in  this  way^  any  possib- 
j  one  might  deviate  on  the  low  side  can  be  overcome  later  by  corrections. 
Draw  out  the  equal  pressure  gradient 

iL  —  —  g»  ~T.fr  —  p  —  constant  straight  line  «  —  px  +  pt. .  (2.16) 

is  Ax  l 


Since  we  already  know  the  air  flow  quantity,  G,  make  use  of  the  aero- 


dynamic  functions 


jOj! 

*(!#) 


-  y(0,  c  -  0.39 6  A.  ~*ri, 

,  .  V  7* 

*»*>(*,>  -  £^3E  £  ri - 

0.396, 

^ -cv^fr 

0.396  « 


constant 


(2.17) 


(10)  Prom  Fig  ?»4  one  can  get  values  for  P  and  pt ;  in  order  to  obtain 

*'  (\x),  get  values  for  and  y(X  ),  substitute  them  into  equation  (2.17), 
arid  figure  out  and  the  cross  section,  A^  »  •  *ri,  , 

(11 )  On  the  oasis  of  this  value  of  r  ,  figure  out  tg9,  —  fr-~ -Cl , 

*  X 


then,  using  :20»x  and  M.,,  go  back  to  Fig  2.3  (a)  and  (c)  and  get  f,. 


(12)  Using  equations  (1.8)  or  (2.9),  find  the  value  of  <r,  and  see  if  it  cor¬ 
responds  with  the  value  of<<r,-'Ostulated  cn  Fig  2.4. 

(13)  If  it  does  not  correspond,  then,  one  can  adjust  the  value  of>,r,  as  shown 
cn  Fig  2.4  and  redo  the  calculations. 

(14)  ‘Thke  l  and  divide  it  into  several  sections  using  an  interval  A  x  to 
define  the  sections;  take  the  M  value  for  the  forward  section  of  the  exhaust  and 
use  it  as  the  value  for  the  lower  section  of  the  intake;  cn  the  basis  cf  this 
procedure,  figure  out  the  various  values  of  r^,  that  is  to  say,  draw  out  the  equal 
pressure  gradient  which  defines  the  profile  line  of  the  interior  wall  of  the  dif¬ 
fuser. 

(15)  In  order  to  guarantee  the  smoothness  of  the  air  flow,  one  ought  to  use 

a  smoothly  curving',  contiguous  line  to  connect  the  exhaust  of  the  diffuser  with  the 
interior  and  exterior  shells  of  the  combustion  chamber,  as  shown  by  the  broken 
line  in  Fig  2,4.  In  order  to  improve  the  technical  characteristics,  it  is  best  to 
use  a  segmented,  rounded  arc  in  order  to  piece  together  the  line  which  defines  the 
form  of  the  interior  wall.  When  one  considers  the  "displacement  thickness"  of  the 
boundary  layers,  it  becomes  appropriate  to  enlarge  somewhat  the  cross  section  of  the 
exhaust,  A^. 


1 .  Method  for  Drawing  Cut  the  ?orm 
i~u:re  C-r^fiant  2,  ?om  Line 


74  -  O  A 

-Uo  ~  J 

Line  of  the  Interior  fall  Defined  by  the  Bqual 


3ec  3  Influences  of  Diversion  Duo-suri  c.^~  cn  Cavity.*  Diffusers  and  Combustion 


(l)  Because  of  the  limitations  cn  snace,  :he  length, ;  /  ,  of  ring  cavity  dif¬ 


fusers  Is  very  short;  the  ecuiv.ler.t  ?r. yle  cf  expansion. 


20 


10 


“herefore. 


the  boundary  layers  on  the  interior  walls  will  certainly  experience  separation,  and 
there  will  be  formed  vortical  turbulence  flew;  because  of  this*  the  total  ores sure 
losses*  A.  P,  are  very  large.  Oven  if  the  system  is  in  a  state  of  stable  operation, 
the  axial  flew  (or  centrifugal)  compressors,  due  to  the  power  added  by  the  blades* 
cause  the  flow  speed  distributions  in  the  intake  of  ring  cavity  diffusers  to  be  extremely 
■jn even  in  both  a  radial  and  a  circumfererti?.!  direction.  Cn  top  of  “his,  after 
the  turbulence  flow  caused  by  boundary  layer  separation  inside  the  diffuser  has  its 
effect,  the  distributions  of  total  pressure  and  quantity  of  flow  in  the  exhaust  will 
be  even  more  uneven.  This  will  influence  the  air  intake  of  flame  tubes  in  a  way 
which  is  distributed  according  to  predetermined  proportions  as  well  as  influencing 
the  internal  flow  field  structure  of  the  flame  tubes;  because  of  this,  it  will  also 
influence  combustion  characteristics. 

If  one  chooses  an  "appropriate  location"  on  the  inside  walls  of  a  diffuser  and 
cuts  a  ring-shaped  trough,  then,  bores  several  air  holes  in  it,  connecting  them  to 
a  vacuum  pump  or  to  a  telescoping  jet  apparatus  in  the  tailpipe,  then,  it  is 
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possible  to  draw  off  sensitive  boundary  layers  and  prevent  separation  and  the  form¬ 
ation  of  spiral  flow  patterns,  thus  improving  the  exhaust  flow  speed  distribution 

(Pig  2.5). 

The  width  of  the  ring-shaped  trough  for  drawing  off  the  gases  is  0.25  (cm), 
and  its  depth  if  0.63  (cm); 
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Pig  2.5 

1 .  Diagram  of  a  Plan  for  an  Experiment  in  Drawing  Off  Boundary  layers  in  a  Short 
Ring  Cavity  Diffuser  2.  Amount  of  Air  Extracted  Through  the  Outside  ’/all  5.  Amount 
of  Air  Extracted  'Through  the  Inside  '/all  4.  Radial  Distribution  of  Intake  Plow 
Speed  5.  Outside  '-/all  of  the  ling  Cavity  of  rhe  Diffuser  6,  Inside  '/all  of  the 
Ring  Cavity  of  the  Diffuser  7.  Ring-shaped  Trough  and  Suction  Holes  on  the  Outside 
Wall  8.  Ring-shaped  Trough  and  Suction  Holes  on  the  Inside  Wall  9.  Peed  Line  for 
Fuel  in  Gaseous  State  10.  Brace  Assembly  11.  The  Outboard  Set  of  48  Cortical  Plow 
Canisters  12.  The  Kiddle  Set  of  40  Vortical  Plow  Cannisters  13.  The  Inboard  Set 
of  32  Vortical  Cannisters  14.  Exterior  Wall  of  Short  Ring  Cavity  Flame  Tube  15. 
Interior  Wall  of  Short  Ring  Cavity  Flame  Tube  16,  16  Gas  Suction  Tubes*  Outside 
all  17.  16  Flexible  Hoses  on  the  Inside  Wall  for  Gas  Suction 
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Cn  the  interior  walls*  each  trough  has  drilled  in  it  440 •  <£  2.4  gas  suction  holes; 
the  gas  suction  ar°a  a  59*4  (cmf);  the  volume  of  gas  drawn  off*  X^  =  1.25Jo  of  the 
intake  volume;  on  the  exterior  walls*  each  trough  has  drilled  in  it  480  2.4  gas 

O 

suction  holes;  the  gas  suction  area  =  43  (cm^);  the  amount  of  gas  drawn  off*  X  * 

1.1— 5/J  of  the  intake  volume*  and  the  total  amount  of  gas  drawn  off*  X  =  2.35  “  4.25;$ 
of  the  intake  volume. 

Par  the  forwaml  ring  cavity  of  the  intake  of  a  diffuser,  the  exterior  wall  dia¬ 
meter  is  <f>  t  ^nd  the  interior  wall  ciameter  is  .;  the  largest  diameter  of  the 

o  l 

ececust'cr  'henb^r  is  D  =  106  (cm)*  and  the  overall  length  *  L  =  51  (cm).  Sa 

3 

case 

L/Dm~  -L; 

2 


The  120  vortical  flow  cannisters  are  ar^>need  in  three  concentric  rings —  the 
outside,  middle  and  inside.  In  order  to  eliminate  the  influence  of  the  vaporisation 
of  lieu  id  fuel,  during  experimentation,  a  natural  gas  containing  93.55;  methen*  '•'•as 
used  as  fuel.  Thi3  natural  fuel  was  distributed  among  the  various  ducts  and  fed  into 
the  vortical  flow  cannisters;  there  was  ignition  and  combustion,  and  the  exhaust 
from  the  vortical  flow  cannisters  became  the  main  combustion  area  for  the  "spiral 
flames."  The  secondary  combustion  area  and  cooling  area  were  both  greatly  shortened. 

The  angle  of  expansion  of  the  exterior  wall  of  the  diffuser,  0a  =  25°;  the 
angle  of  expansion  of  the  interior  wall,  gf =  15°;  and,  they  are  not  symmetrical 
••ith  respect  to  the  center  line  of  the  ring  cavity.  Because  the  area  of  contact 
between  the  outer  ring  ^avity  and  the  air  flow  is  large*  the  viscous  flow  dreg  is 
large,  the  flew  sneed  is  low,  and,  therefore,  when  simulating  high  altitude  flight 
at  low  speed,  ".he  major  part  of  the  intake  quantity,  G,  passes  through  the  inner 
ring  cavity  end  does  not  pass  through  the  vortical  flow  cannisters.  In  this  way 
it  is  "coeibla  to  create  a  rich  fu',l  mixture  in  the  main  combustion  area  end 
widen  the  flanecut  thresholds.  fha  parameters  obtained  from  combustion  testing 
to  simulate  "cruising"  and  ’’  high  altitude  flamecut  thresholds"  are  presented 
below: 
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1.  State  3eing  Simulated  2,  Cruising  3.  High  Altitude  Flameout  4#  Total  Intake 
Pressure  5.  Overall  Intake  Temperature  6.  Quantity  of  Intake  7 •  Reference  Plow 
Speed  8.  Fuel- to -Air  Ratio 

(2)  The  Measurement  of  Parameters  and  the  Calculation  of  Capability  Targets 


Ring  Cavity  Diffuser  Intakes  Me  already  know  the  area  of  the  intake*  A  ,  the 
quantity  of  intake,  0,  and  we  can  measure  the  total  pressure,  P^»  the  static  pres¬ 
sure,  plf  and  the  overall  temperature,  ;  we  can  then,  cn  the  basis  of  functional 
equations  for  aerodynamic  auantiti  es  of  flow,  figure  out  K  1 ,  According  to  critical 

sonic  equations,  a  =  18.3s/?T  ■  •  ,  so  we  can  figure  out  a  or  the  sonic  a.  Because 

* 

of  this,  it  is  possible  to  deduce  the  average  intake  flow  speed  u^  =  l^a  (m/s). 

In  these  experiments,  M,  =0.2  ^  0,3. 

Ring  Cavity  Diffuser  Fxhaust :  We  already  know  the  area  of  the  exhaust,  A0  = 


:  160  (cm  ) . 

■i<?  r'?.v 

*•*  — * 

-v=  T. ;  cn 

the  has 

O  1 

/~V 

we  can 

flow  speed  u 

1  'r>  ! 

Ring  Cavity  Combustion  Chamber  Exhaust:  Using  a  suction- type  (platinum  -  pla¬ 
tinum  +13/4  rhodium)  mobile,  supported  therrnocourle  to  take  sample  measurements  at 
scattered  points,  it  is  possible  to  obtain  the  overall  temperature,  T,,  of  the  ex- 

y 

haust  cn  the  basis  of  the  flow  distribution  weighted  average.  Using  the  same  type 

of  scattered  readings,  it  is  possible  to  obtain  a  weighted  average  for  the  total 
■ 

exhaust  pressure,  P,.  On  the  basis  of  the  amount  of  fuel  supplied,  Gr,  and  the 

y  + 

amount  of  'ntake,  0,  minus  the  amount  of  gas  that  is  drawn  off  in  the  form  of  boun¬ 
dary  layers,  it  is  possible  to  figure  out  the  fuel  to  air  ratio  for  the  whole 

''ombusticn  chamber,  f  =  G_/(l  -  X)  G, 

1  <C  — 4 

"e  already  knew  f  (or  T^  and  f7;  by  checking  a  table  or  graph,  we  con 

get  the  average  specific  heat,  c  , 

p 

We  already  know  the  value  for  +Vo  amount  of  heat  contained  in  each  kg  of  gaseous 

fuel,  H  ,  and,  baaed  bn  the  relationship  /H.  —  f,(TS  — TJ)  it  pOSSible  to 

determine  the  "id«-l  overall  temperature",  T,_  (k),  fbr  the  -oabustion  chamber  exhaust. 

In  this  experiment,,  the  average  overall  temperature  of  the  exhaust,  T^  =  1230  (k). 

Through  manipulation  of  the  movable  support  apraratus,  it  is  possible  to  take 

scattered  readings  in  the  exhaust  which  reflect  the  radial  and  circumferential  over- 

#  * 

all  temperature  distributions,  r  and  f(r)  and  T^  =  f(r-0s);  it  is  also 


possible  to  record  the  highest  temperature,  T^m  (K). 
The  calculations  below  then  become  possible:, 


-Combusticn  Efficiency 


f  —  T* 

=i — =*-  x  100% 

rr,-r;  - 


-Overall  Temperature  ?ield  Form  Coefficient 

Tf  -  T? 


(*)  lesul^s  cf  Txperim°nt',tirn  and  Ttacussion 

Ihe  influence  of  the  drawing  off  of  boundary  layers  through  suctior  cn  combus- 

tir.  of  .*i:i  r.o;;,  ,  iz  shown  i_i  Tig  2.5.  In  this  illv.3t~n.ticn,  the  average  overa.il 

tempera  rare  of  the  combustion  chamber  intake,  T0  =  3C0  (K),  simulating  a  condition 

appr-aaiiing  the  threshold  of  high  altitude  flamecut.  hen  there  is  no  suction,  X  = 

O^i  as  ''ompar^d  with  X  =  J-4  for  the  gas  sucked  through  the  exterior  wall:  when  the 

o  «  , _ 

overall  intake  pressure,  P2  ^  2  (kg/cnf  },  the  combustion  efficiency,1  ,  when  there 
i 3  suction  as  compared  to  when  there  is  no  suction,  rises  from  6 £$$  to  10C£o;  when 

— *  9  — 

?0  is  reduced  to  1.55  (kg/cm~),  the  absence  of  suction  causes  a  flameout,  and  **  =  0; 


3028  26  24  22  20  It  16  15  m/« 

H2.6  m^ik  x%  n  $ 

Pig  2.6 


1.  Influence  of  the  Amount  of  Suction,  X&  on  q  2.  Overall  Combustion  Efficiency,  r| ,  % 
3.  Flameout  4.  No  Suction 


however*  with  suction,  combustion  efficiency  can  still  reach  66;  j.  With  suction,  one 

^  »  .  2 « 

can  make  further  reductions  and  still  not  get  flameout  until  ^  ,as  (.kg/ cm  }  and 

u0‘at  30  (m/s),  This  proves  that  if  the  amount  of  outer  wall  suction,  £6  ,  in  asym¬ 
metrical  diffusers  is  chosen  correctly,  then,  it  is  possible  to  postpone  hi^i  altitude 
flameout  and  expand  the  stability  boundaries  for  lean  mixtures.  If  only  gas  sucked 
through  the  interior  wall,  X^  =  2,5;6,  there  is  only  a  small  improvement  in  combustion 
efficiency.  If  there  is  suction  through  the  interior  and  exterior  vails  at  the  same 

time,  and  x.  +  x  =  X  =  55^,  there  is  an  inorovement;  however,  the  results  are  not 
i  o 

as  por'd  as  ■-.’hen  .only  ruction  ~hro"~h  the  exterior  wall  is  involved.  The  reason  for 
this  is  that  the  angle  ox'  expansion  for  the  exterior  wall  is  large;  the  angle  of 
expansion  for  the  interior  wall  is  srra.ll;  even  if  there  is  no  suction,  and  X  =  Cta, 
there  is  already  separation  al^ng  the  exterior  wall  of  the  ring  cavity  flew  oath; 
the  radial  flew  spe-d  distribution  is  already  factor  than  the  interior  wall  flow 


sr^ed,  ar.d  its  vsl'ur.e  of  f T  w  is 
tarior  wall  oa.r ~oi  ’Vian -e  the 
suction  through  the  a”tericr 

flow  - i  :  : *-ri':,vLi;r.  _  -  ' 


~e't>r.  Hie  small  amount  cf  ruction  through  the 
’itvaci  ;rs  ».a  a  hole;  hc-^ver,  a  rininution  in 
1  mr.  root  1 ~  rt  a  ir.  ly  eli.~in.ate  oe  pa  ration  and  cause 
~r  ■  ”  — 1  i  ' ~ r — ■  i 1  *f  *his  fact,  there 

for  th->  ■‘•hr--3  rings  of  vortical  flow 


enrmsters  'nr  in 


■it  air-to-iuav. 


-cm suction  ox 


•  “j  > 


■  .1 


-he  lay-out 


oha  arran  'an  t  " 


0  v-?d. 


toil  flow  c.anni  stars 


•’vouli  aloe  0 .or. fort  itself  to  th°  nthn'rot  flew  field  of  ■‘‘be  rinr  oo.vitv  diffuser, 
2he  distance  between  the  inner  ring  of  vortical  flow  cenn.isters  and  the  inner  wall 
as  well  as  the  distance  between  “he  "'iddle  rirg  md  inner  ring  of  vort'cal  flow 
cannisters  should  tcxh  be  some* .'hat  larger  than  the  iistT.e?  between  the  middle  ring 
and  the  outside  ring  or  the  outside  ring  and  the  outside  wall,  •'hen  the-e  is  no 
suction,  this  causes  the  middle  ring  of  vortic'l  flow  cannisters  to  do  ever;- thing 


possible  to  ^riv-nt  a  shortage  of  oir. 

The  radial  distribution  of  e*”'  -11  temperature  in  the  exhaust  of  the  combusticn 
chamber  follows  changes  in  the  amount  of  suction,  (Fig  ~,7)  '■hen  in  a  state 
designed  to  simulate  "cruising",  the  average  overall  temperature,  T^,  the  exhaust 
of  the  combusticn  chamber  equals  1230°K,  the  average  overall  temperature  of  the  in— 
take,  Tg  =  589  (X),  and  the  overall  "fuel-to-air  ratio",  f  =  0,015, 

If  one  refers  to  Fig  2,7  (a),  the  amount  of  gas  drawn  off  from  ^of  the  inter¬ 
ior  wall,  X^=  1,25^;  if  one  eliminates  the  boundary  layer  separation  from  the  inteiw 
ior  wall,  then,  the  flow  along  the  interior  wall  is  unimpeded,  and  the  amount  of 
the  flow  is  increased;  because  of  this,  the  amount  of  flow  along  the  exterior  wall 
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is  reduced.  As  a  result,  the  peak  exhaust  tfimpervbire  value  moves  out  toward  the 
tips  of  the  blades.  The  field  pattern  coefficient,  * ,  goes  from  a  value  of  1.47 
when  there  is  no  suction  through  an  increase  to  a  value  of  1.75*  '^his  is  because, 
when  there  is  no  suction,  the  middle  ring  of  vortical  flow  cannisters  is  already 
short  an  air,  and  the  local  fuel-to-^.ir  ratio  deviates  toward  the  "rich"  side; 
besides  that,  the  amount  of  air  flow  which  supplies  the  middle  ring  and  comes 
from  the  suction  through  the  interior  wall  is  even  less.  Above  the  radius  of 
the  middle  ring,  the  air  flow  temperature  "hows  a  deviation  on  the  high  side; 
below  the  radius  of  :he  middle  ring,  it  shows  a  deviation  on  the  low  side;  there¬ 
fore,  the  efficiency  of  combustion,  «?.,  contrary  to  expectations,  drops  to  3?^ 
from  the  9 6 %  which  is  its  value  when  there  is  no  suction. 

’.'hen  the  suction  A.  of  the  cuter  wall,  X  =  1.155,  the  result  is  the  exact 
cr-osite.  The  rrak  temperature  value  for  the  exhaust,  T_  ,  moves  toward  the  base 
of  the  blades.  The  temperature  at  the  base  of  the  blades  is  raised  approximately 
' '".'Z  as  re -.pared  ~.o  hen  there  is  no  suction,  end  the  temperature  at  the  tip  of 
the  blades  is  reduced  approximately  2Q4°C.  The  major  portion  of  the  air  intake 
supplies  the  area  above  the  middle  r:rt~  of  vortical  flew  cnnr.i  stern,  in  ord^r  to 
improve  the  ''omhustion  situation.  The  field  pattern  coefficient,  <J ,  still  ecuals 
1.75;  however,  the  efficiency  of  combustion,  f  ,  is  raised  to  93*5& 

Hefering  to  Fig  2.7  (b),  suction  on  both  sides  causes  the  peak  temperature 
values  for  the  exhaust  to  appear  in  the  area  of  the  ring  cavity  about  half  way  up 
its  height.  When  there  is  no  suction,  the  center  ring  of  vortical  flow  cannisters 
will  already  be  short  of  air;  if  the  suction  starts  up  cn  both  sides  at  the  same 
time,  the  middle  ring  will  be  even  shorter  on  air;  therefore,  the  tempera. "Tire  of 
the  middle  belt  of  the  exhaust  will  tend  toward  the  high  side. 

The  effect  that  suction  on  both  sides  has  on  combustion  efficiency,  ,  is  not 
good,  end  the  field  pattern  coefficient,  0  ,  ~l~o  shows  harmful  changes.  The  "srsen 
for  this  is  that  this  type  of  suction  causes  the  distribution  of  air  flow  to  the 
three  rings  of  vortical  flow  cannisters  to  be  uneven,  differences  in  concentration 
to  be  large,  and  the  whole  efficiency  of  combustion,  fi  ,  to  drop.  Besides  this, 
suction  an  both  3ides  causes  the  main  flow  to  be  very  sensitive,  suffer  somewhat  from 
the  effects  of  pulse  interference,  and  immediate  changes  in  the  distributions  of  the 
amount  of  flow  and  flow  speed  cause  instability  in  combustion. 

The  overall  amount  of  suction,  XJ5,  as  it  affects  the  total  pressure  losses 
(l— «■')  in  the  intake  and  exhaust  of  the  combustion  chamber  is  shown  in  Fig  2.S. 

The  total  pressure  of  the  diffuser  exhaust,  *  2*1?  (kg/cm  );  the  overall  temp- 
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erature,  T  =  590  (K);  the  Mach  number  of  the  diffuser  intake,  M1  =  0.23;  and, 
the  Reynolds  number,  Re  =  1.9x10^^  3*3*10  .  In  a  cruising  configuration,  experi¬ 
ments  that  have  been  carried  out  have  led  to  the  conclusion  that:  suction  can 
prevent  or  control  boundary  layer  separation,  reduce  total  pressure  losses,  and 
improve  combustion  characteristics;  the  positioning  of  the  suction  and 

the  amount  of  the  suction  must  be  appropriate. 


3 


96%:  v  c  *-1.75,  $-98.5%. 

tB2.7(V)  *  X,  -J.95%,x.-  1.2%:  a 

X,  — 1 .96%,  X0»3.H%:  O  s-t.47,  $-96%; 

AX-2.15%,  ff-l.63,.$-90a;  a  X-5.1%,,5- 
1. 89, $-93. 8%. H  -  £fE*.«SfflCiara#S,  0<y<H, 
y  —  apipnj 


Pi g  2.7 

1 .  Deviation  Prom  the  Average  Temperature  of  Exhaust  2.  y/H  $6  of  the  Exhaust  Height 
of  Ring  Cavity  Combustion  Chamber  3.  Outside  Diameter  4.  Uhilateral  Suction- 
5.  Inside  Diameter  6.  Suction  cn  Both  Sides  7.  Figure  8.  Influence  of  Unilateral 
Sucticn  9.  No  Suction  10.  Inner  Wall  Suction  11.  Outer  Wall  Sucticn  12.  Influence 
of  Suction  on  Both  Sides  13.  Radial  Exhaust  Height  of  Ring  Cavity  Combustion  Chamber 
14.  Radial  Distance  37 


<o  •*®B,  /- 0.015; 
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ns  2.3 

1 .  The  Influence  of  the  Total  Amount  of  Suction  on  the  Total  Pressure  Losses  in  the 
Combustion  Chamber  ?.  Data  obtained  from  Air  Flow  Tests  Without  Ignition  3*  ’’/ith 
Combustion  4.  Total  '/res sure  Losses 


dec  6  Jrecial  Characteristics  of  Tub-surfaces 


(1)  Boundary  layers,  as  they  flow  along  the  walls,  can  divided  into  laminar 
flew  and  turbulent  flow.  Because  there  are  vortical  masses  in  the  turbulent  flow 
which  cut  across  the  flow  and  diffuse,  exchanging  energy  and  momentum*  turbulent 
flow  boundary  layers  a~e  usually  somewhat  thicker  than  laminar  flow  boundary  layers; 

*ho-e  turbulent  flow  boundary  layers  can  withstand  relatively  higher  ores sure  grad- 

AJL^U 

’/w .«  withrut  exhibiting  seyaracicn. 

(?)  The  laminar  flow  boundary  layers  get  thicker  as  +hey  flow  along  their 


course.  For  example,  if  a  laminar  flow  boundary  layer  is  flowing  along  a  flat  sur¬ 
face  from  the  forward  edge  tc  a  place  1000  (mm)  down  the  flow,  its  thickness  at  the 
end  of  the  run,  aa*’.  5  (mm).  If  it  receives  pulsating  interference  from  the  main 
flow,  a  laminar  bc’T.iary  layer  car.  turn  into  a  turbulent  flow  boundary  layer  ani  in- 
'-■>■'20  it3  flow  dreg, 

(3)  In  the  main  flow,  the  flew  speed  in  the  normal  direction  is  distributed 

evenly;  the  cross  current  speed  gradient,  OU/dyotO^  ;  therefore,  the  viscous 
friction  stress,  t  ,  can  be  ignored;  however,  in  the  boundary  layers,  changes  in 
flow  gpe°d  are  great;  the  flow  speed  gradient  du/dy  along  direction  y  cannot  be 
ignored;  because  of  this,  one  must  consider  the  stresses  caused  by  viscous  friction; 
however,  whan  flow  speeds  are  relatively  3low,  one  can  ignore  compressibility,  that 
is  to  say,  a  constant. 

(4)  The  static  pressure  of  the  main  flow,  ^ «  as  it  exists  along  the  normal 
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line  y,  passes  through  the  boundary  layer  and  straight  on  to  the  surface  of  the  wall; 
because  of  this,  the  rate  of  oressure  change,  9p/dx.  *  al°nS  the  *  coordinate  is  the 
same  in  the  boundary  layer  and  the  main  flow. 

(5)  •‘Is  far  as  the  two-level  boundary  layer  displacement  thickness,  is  con¬ 
cerned,  if  one  locates  a  certain  point  A  on  a  wall  surface,  then,  the  boundary  layer 
thickness  at  point  A  s  s  (Fig  2.9 )« 

Suppose  the  flow  speed  of  the  main  flow  in  direction  x  at  a  point  outside  the 
boundary  lay?-"  which  corresponds  to  point  A  =  TJ,  then,  the  flow  speed  inside  the 
'■'rr.d -ry  "ayer,  u,  along  normal  line  y,  changer  from  u  =  0  to  u  =  TT.  However,  if 
'■here  is  r.c  viscous  friction  drag,  then,  there  is  no  boundary  layer,  and,  necessar- 
ilj',  flow  speed,  u,  along  direction  x  of  thickness  s  should  not  be  reduced,  but  should 
n Iwayi  be  equal  to  TJ.  Suppose  one  drops  ?.  perpendicular  to  the  surface  of  the  il- 
V’ strati -in  with  a  length  a  1  f  cf  seme  unit  of  length).  Then,  suppose  one  sets 
things  up  so  ‘hat  ohe  distribution  function,  u,  along  y,  is  equal  to  f(y).  In  ouch 


"“/GO 
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Fig  2.9 

1 ,  A  Irfo-Hlement  Boundary  layer  Along  a  Curved  Surface  2.  Main  Flow 


if  one  has  to  cent  god  with  both  viscosity  and  bo 
mass  flow  rate  of  8  x  1  every  second,  and 


un  iary  layers,  then,  there  is  a 


(2.18) 


if  one  discounts  viscosity  and  boundary  layers,  then,  there  is  a  mass  flow  rate  of 
a  xl,  and 


k»  “  t»Ody\ 


therefore*  because  there  is  viscosity,  p  ,  the  actual  rate  of  mass  flew  through  ® 
every  second  is  diminished  so  that  ^  «. 

pVdy  —  ^  pady  -»  ^  p(U  —  u)</y 

—  pU**;  (2.19) 

z 


That  is  tc  cay  that,  because  there  is  viscosity,  and  the  wall  surface  produces  fric— 

i'  ~n  erresr,  '  r  ,  it  is  as  J_Vlou.rh  ~he  ••/all  surface  has  scueeced  inward  a  certain 
*  0 

distance,  &  ,  causing  the  passageway  to  become  narrower.  Because  of  this  fact,  the 
actual  amount  of  air  flow,  as  compared  to  a  circumstance  when  there  is  no  viscous 


fricti:n  drag,  is  reduced  to  an  amount,  AC  ,  Therefore,  .»  is  called  the  "displace¬ 
ment  thickness."  On  the  basis  of  e^ua^icn  (7.1?),  one  can  say  that 


displacement 


thickness  ,  6  *=  tt  \0  *'U  u^v  ”  [c  ■  1  L-  ^ dy 


In  order  to  get  the  integral  for  equation  2.20,  one  must  know  the  laws  voich 
govern  the  flow. speed  distribution  inside  the  boundary  layer,  u  a  f(y),  as  '  "s 
the  thickness,  s>t  of  the  boundary  layer.  If  one  is  concerned  with  a  turbulent  flow 
boundary  layer,  it  is  possible  to  use  the  "aver^g0^  tine  pareaeters"  B  aid  u,  etc. 
and  still  be  able  to  obtain  the  av-rage  time  displacement  thickness,  8  ,  en  'he 
basis  of  eo.uatian  (2.20). 

(o)  IVo-21ement  Boundary  layer  Momentum  Thickness,  9 

Befering  to  Big  2.9,  the  amount  cf  movement  through.®  along  direction  sc  each 
second  is  represented  by  —  j*pu24y.  • 

Tven  if  one  supposes  that  there  is  no  viscosity,  there  is  still  an  actual  •  *  pasting 

through  *  in  direction  x,  and  this  amount  of  motion,  *  Um;  therefore,  because  _ 
there  is  viscosity,  the  amount  of  movement  or  momentum  lost  when.  *  passes  through  ® ' 
is  described  by  the  following: 

AM  —  v  if  V ^  pud,  —  ipx'dy 

-  f*  pa <17  -  a Yd,  -  pU»%  <  -  (2.21 ) 

8  increases  in  thickness  along  x,  and  the  amount  of  movement  involved  loses  thickness 
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9 


-  £u(U  -  u)<iy;  (2.22) 

That  is  to  say,  because  of  viscosity,  flow  speed  distribution  within  a  boundary  layer 
decreases  from  the  boundary,  9  ,  with  its  value  U  to  the  value  of  u  on  the  wall  surface 
which  is  u  =  0;  although  the  rates  of  mass  flow,.'*  ,  through . s  x  1  are  all  the  same, 
it  is  as  ■‘■hough  the  wall  surface  squeezes  in  a  distance:®  toward  the  .rain  flow;  due 
*o  fair  :-ct,  he  actual  air  flow  loses  an  amount  of  momentum,  a  *%  as  compared  to 
an  air  flow  "ith  no  viscosity.  _  a*/d  —  H  >  i,  is  called  the  "speed 

pattern  template." 


7  Integral  Tnuaticns  for  ’Momentum  of  Dual  Turbulance  3ub~surf~.ces 

If  cr.e  sur-ose  '  that  he  is  dealing  with  a  ncn-s tendy  state,  two  element,  nen- 
compressible  turbulence  bour.'’ ->ry  layer  (Tig  ?,10),  perpendicular  to  "he  surface  of 
the  illustration  with  a  dimension  =  1  (  cf  -ome  unit  of  thickness ;  alien  the 
thickness  of  ■..*  boundary  layer,  ®  ,  varies  with  changes  in  x.  r,  a  she  viscous 
friction  3tress  of  the  wall  surface  (lT/m.  j. 

first  one  draws  out  a  differentiation  control  area  A3CD.  At  a  given  instant, 
f ,  the  flow  speed  of  a  certain  point  in  the  boundary  layer,  u  -  u(x,  y,  t),  and 
the  differentiated  volume  within  the  control  area  =  dxdy  •  1. 

The  ma^s  flowing  in  from  side  AB  i3 

m(z,  0  —  it 


■  2.10 

Pig  7.10 

1.  Diagram  of  Integral  3quaticns  for  Boundary  layer  (Enlarged)  2,  Boundary  Layer  Limit 
3,  Main  Plow  41 


The  mass  flowing  in  from  side  CD  is 


«(*  +  is,  t)  -  «‘+  ~  'it  -  it  \  pMdy 
ax  J* 

Ihe  difference  between  the  masses  entering  from  side  AB  and  CD  is 

m(x  +  dx  ,t)  —  «<***)  =  dtdx  pudyi 

The  wall  surface  is  non-rerra',-'ble;  therefore,  it  is  necessary  for  the  air  flow 


(dt  dx -5-f  pody) 

'  dx  J  o  /  to  erne  in  from  side  AC  and  refill  the  ^o^trol  area. 
TSie  momentum  of  the  air  that  flows  in  through  side  AC- a  u^dtdx  — 

The  momentum  of  the  air  that  flows  in  through  side  A3  «  j  pu2dy  **  M  t 


The  momentum  of  the  air  that  flows  in  through  side  3D  =  0. 


The  momentum  of  the  air  that  flows  in  through  side  CD  s  M  dx 

dx 


™  1  pvfdydt  +  dxdt  p\i2dy, 
Jo  Ox  JO 


Therefore,  the  momentum  of  flow  from  A3CD  alcng  direction  x  =  dt  dx  ~[*  pa2  dy 

dx  Jo 


-  Udtdx 


(2.23) 


Concerning  changes  in  the  momentum  alcng  x,  if  t  =  time  t,  the  diffenential  momentum 
of  the  control  area  dxdy.  1  a  pdxdy  .  u  ;  t  =  time  t-Hit,  and  the  momentum  of  the 
differential  drdy*  1 
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«*■  p  4-  ^  •  dt'j  dxdy  •  1. 

The  Increase  in  the  amount  of  momentum  along  direction  x  which  occurs  within  the  time 
interval  dt  inside  the  differentiated  volume 

—  dxdydtp 

dt 

The  increase  in  the  amount  of  momentum  in  direction  x  which  occurs  within  the  time 
interval  dt  inside  the  control  area  A3CD 


dy. 


(2.24) 


The  rate  cf  change  of  momentum  along  'irectim  x  per  second  should  be  equation  (2.39) 
+  (2,40)  once  again  divided  hy  the  tine  interval  dt,  that  is  to  say, 


dM_ 

dt 


Pdx\'-p-dy  +  pdx 
j>  at 


(2.25) 


If  one  lucres  gr-vity,  then,  ah 3  ext-rr.al  force.?  exerted  on  3urf0.ce  A3  =  +  p-*» 
(values  in  the  direction  of  the  air  flow  have  a  positive  sign); 


The  external  forces  exerted  on  surface  CD  =  _  (5  4.  dt} 


—  p8  —  Bdt  —  pd8, 

i rX 


The  external  forces  exerted  on  surface  3D  =  r^dx  >  1  (the  viscous 
friction  drag  of  the  wall  surface); 

As  far  as  the  contact  between  the  surface  AC  and  the  main  flow  goes, 

if  one  ignores  the  viscosity,  m»  then,  the  force  of  friction  a  0. 

If  one  assumes  the  average  pressure  received  by  surface  AC  to  be  p,  then,  the 
force  exerted  on  surface  AC  »  pds  ,  1;  the  projection  of  pds  in  direction  x  a 

(.pdf')  •  ~~  ”  pd8,  dS/dt  St  tgo 
as 

(Pig  2,10).  Therefore,  the  total  of  all 
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the  external  forces  exerted  on  A3CD  in  direction  x  is 


IF  =■  p6  —  pS  —  Six  —  pis  —  Tqdx  +  pdS 

“  — —  r*^*  (2.26) 

According  to  the  principles  of  ITewtonisn  momentum,  If  equation  (?,4l)  is  set  equal 
to  (?,<!?),  one  gets  the  differential  equation  of  momentum  for  non-stable  state,  two 
element  turbulence  flow  boundary  layers: 


7rcn  this  equation  one  car.  infer  four  unknown  quantities  relating  to  boundary 
layer  flow  at  an  instant,  l»  :  the  flow  speed,  u,  in  direction  x;  fricti  .n  stress  cn 
t'.e  wall  surface,  *•  ;  the  flew  speed,  TJ,  on  the  boundary  lines  of  *•'•<»  re  in  flow  and 
the  principles  which  connect  it  with  pressure,  p.  The  independent  variables  are  the 
instant  of  time,  t,  and  the  coordinates  x  and  y. 


Sec  8  Analysis  of  Stable  St-te  Dual  Incompressible  Turbulence  Sub-surfaces 


( 1 )  Method  of  Analysis 

It  is  for  the  lack  of  only  four  unknown  quantities  that  we  cannot  solve  the 

equation  ("’.17).  D/  the  skillful  use  of  "averaged  time"  parameters,  such  as  V  •» If  + 

®  ■■  a  +  u' etc.,  it  is  possible  to  use  nen-steady  states  in  the  role  of  ste'dy  states 

* 

in  crier  to  analyse  air  flows,  that  i3  di”  ,/q  t  =0.  The  main  flow  can  function  in 
■ha  rols  cf  nan-viscous  "positional  flow"  or  "potential  flew"  in  order  to  handle  the 
analy3i3.  If  one  already  knows  the  parameters,  ,  T^,  end  for  the  :hape  of 
the  diffuser  passage  and  the  intake  flow,  then,  it  is  possible  to  figure  out,  cn  the 
basis  of  the  "potential  flow"  the  values  of  U  and.  0?  /  ©he  for  the  main  flow.  This 
quantity,  dp/d  x,  is  also  the  pressure  gradient  for  the  boundary  layer  in  the  direc¬ 
tion,  x  (See  Sec  6(4)),  Witnin  the  boundary  layer,  it  is  possible  to  think  of  the 
density,  p\ ,  as  being  unchanging,  that  i3  to  say,  to  ignore  any  compressibility  that 

night  be  involved  (See  Sec  6(3)),  As  far  as  the  friction  stress,  fr  ,  of  the  wall 

o 

surface  is  concerned,  it  is  not  possible  to  figure  this  quantity  by  using  once  again 
equation  ( ?« 1 )  from  this  chapter,  Because  of  the  fact  that,  within  the  boundary 


layer,  there  is  no  striated,  non- turbulent,  laminar  flow,  but,  on  the  contrary,  vort¬ 
ical  masses  tumbling  over  one  another  and  pulsating,  the  value  of  the  viscous  fric¬ 
tion  drag  involved  is  very  greatly  increased#  Due  to  this  fact,  it  is  only  possible 
to  induce  experimental  lata  in  order  to  obtain  an  empirical  formula  for  figuring  .r,. 
(2)  "Speed  Pattern!  Temp late "Equations  for  Turbulence  Boundary  Layers 
'/hen  one  is  considering  a  steady-state,  ncn-compressible  flow,  then,  in  equation 

«v 

('.27),  =  0,  and  p  =  a  constant;  because  of  these  facts 

p  -4—  (  u2</y  —  pU  -4—  f  u dy  =“  —  &  —  r, 

dx  dx  J*  .  dx 

(2.28) 

(The  main  flow,  U,  end  8  are  unrelated) 

If  the  twc  functional  products  are  differentiated  over  x : 

-kl v -SH ~fi'Uy  +  v hi*"  w 


Considering  the  main  flow,  the  Bernoulli  equation  can  be  differentiated  to  become: 

-  <b) 

i*  .  4* 


U  is  simply  a  function  of  t :  it  is  net  rel'ted  to  ly;  therefore, 


U8-V  j*dy— Wy, 


CO 


If  one  take  (a)  and  (b)  and  substitutes  them  into  equation  (',28),  it  is  possible  to 
g-t  the  following:  ^  r» 


Using  (c)  and  (d) 

/f  J . _ . - 

Using  the  displacement  thickness,  8m  ,  and  the  momentum  thickness,  s  ,  (See  Sec  6(5)  and 
(6)  of  this  book),  equation  2.29  becomes: 


f>u^r8*  +  p  — 

dx  dx 


This  can  be  rewrittai  as  follows: 
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42.  +  —  (2  +  W)  —L  “  ~~2 »  where  H  -  j  >  1, 


U 


dx  pV 


(2.30) 


(3)  Estimation  of  the  Boundary  layer  Thickness  cn  a  Smooth  Surface  with  No 
Increase  in  Pressure  as  Bas®d  on  Empirical  Formulae 


-Tie  driferen 


•sunder y  layer  thic!<r,.esses,  which  all  have  different  meanings, 


and  9,  as  well  as  the  fricti-n  stress  of  the  wall  surfaces,  x  ,  are  all  fun- 

o 

ctions  of  x.  On  the  basis  of  wind  experiments  with  tubing  and  flat  surfaces,  with¬ 
in  the  boundary  layer  ,  the  distribution  cf  flow  3pe  ?d,  u,  el  meg  normal  line,  y,  ir  u 
equal  to  f(y),  ’’hi'h  can  be  "“rv ?anted  hf  the  enriri c~l  fomla  presented  b»lcw; 
the  empirical  formula  for  flow  speed  distribution  is 


-  =  *  =“2,3,5,  6,  7 

V  \8  / 


(231) 


The  empirical  formula  for  friction  stress  is 

-•■•»»(£)*.  —assh' 


t  r 


7;  (2.32) 


If,  in  the  main  flow,  the  static  _ressure» P  ,  in  direction  x  does  not  change, 
and,  if  one  sets  n  =  7  in  equation  (2,5*0  and,  then,  substitues  this  in^o  equations 
(2,20)  end  (',.22);  after  integration,  it  is  possible  to  arrive  separately  at 


values  for  the  displacement  thickness,  =>-g-  8 ,  and  for  the  momentum  thickness  9 

1  8 '  (  O  XT.  \ 


T ? 


*•  (?.33). 


Assuming  a  smooth  wall,  from  the  forward  edge  to  the  lower  veches  of  the  flew 
at  a  point,  x,  within  the  boundary  layer,  because  of  the  necessity  to  overcome  the 
viscous  drag,  f,  before  there  will  be  a  loss  of  momentum  each  second, 


t  —  A  *(V  —  o )dyt 

V- 


j  however. 


therefore,  the  friction  stress  on  the  wall  at  a  point,  x, 

U  —  p  t*  a(U  —  «)  <*y  , 
dx  J« 
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Using  (2.22) 


(2.34) 


.  -  4-  -  pul 


d9  , 

dx  dx 

Comparing  equations  (2.32)  and  (2.34), 


U_^d9_  -2.il  =  0.0255  (— Y  (2-35) 

pU1  dx  72  dx  'L*' 

Utilizing  the  houndary  conditions:  let  x  =  0,  *  =0  (Pig  2.10)  using  the  integral 
equation  (?,35)  we  Set  the  following  values  for  a  flat  surface: 

-Boundary  layer  thickness 

a  -  0.37  **  (2.36) 

-Bi "placement  thickness 

«•  -  0.046  ,*(£)"*  "  (2.37) 

-r’o.aentum  thickness 

9  -  0.036**(£)T*  (2-38) 

It  is  possible  to  figure  ,  an  the  basis  of  equation  (2,37)  for  axisymetric  flow  fields 
in  passages  with  equal  cross  sections  and  ,  consequently,  possible  to  appropriately 
expand  the  cross  section  of  the  exhaust, 

(.1)  Ascertaining  the  Conditions  for  Separation  of  Turbulence  Boundary  layers 
Concerning  the  drop  in  speed  and  increase  in  pressure  which  one  finds  in  an 
expansion  passage,  there  is  a  positive  pressure  gradient  dp.  »  and  one  cannot 

use  ^  a  ^  as  the  exponent  of  the  empirical  formula  for  tne  distribution  of  flow 
n  7 


speed  in  turbulence  flow  boundary  layers. 

Assume  that  the  flow  sneed  within  a  boundary  layer  equals  u(»)  at  a  place  where 

the  momentum  thickness  1*9,  and  assume  that  the  total  pressure  at  that  place  is  P 

* 

Ignoring  compressibility,  the  total  pressure  of  the  main  flow,  P  ,  and  its  kinetic 
pressure  are,  respectively: 


P*-p  +  ±plP, 


■  —pU1 
2 


#  I*-  •  ^ 

The  total  pressure,  P  (  at  a  place  9  within  a  boundary  layer  <  P  , 

P*(9)  —  p  +  puK®) 


(2.39) 
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Because  viscous  friction  at  a  place  ® : causes  losses  in  the  total  pressure* 


A p*  =  p* -  ro)  -  -j-pV*  [i  -  -  <m. 


(2.40) 


In  the  equationabove,  the  coefficient  of  speed  pattern  losses  in  total  pressure* 

n  =  1  -  ‘t  is  a  function  of  H. 

U 1 

Maying  deductions  from  experimental  data*  one  arrives  at  the  speed  pattern  template* 
H  and  its  relati~r  ship  to  *  *  as  presented  in  ' Pig  2,11. 


_  f  W-l  1<H~° 

~  IH(H  +  1). 


+  1). 


(2-41) 


"The  soeed  pattern  t->mrlate  H  = 


2*  1. 


®  9  e  ■ 


0  0.1  0.J  0.5  0.7  0.9 


Pig  t.11 

The  Curve  Be  '’inir.g  the  Relation ship  Between  the  ope°d  Pattern  ^mplate,  H,  and  ij 

'.-.■hen  H  =  1,?*  and  V  -  0,3,  a  turbulent  boundary  layer  begins  to  separate, 

( ; )  Piguring  the  Position  of  Reparation  Point*  s 


The  Reynolds  numb°r  at  the  “lore  9  *  3s(9.)  =  “  6  *  10J~5  x  10’; 

The  viscous  friction  stresses  on  the  wall  surface  are  as  follows: 

-^-Re* (d)  -  £»0.0128,or-^  -  £  (2.42) 

pU1  Pu 

If  one  substitutes  equation  (?,42)  into  eopiaticn  C - • 30 )  cue  gets  the  following: 

—  +  (2  +  h)  -f- -f  - ;  i  ~  f  ‘ 


(v)!f +  (tl)!«+«>§ 


iO 


£  (2.43) 


According  to  the  principles  goveining  potential  flows  which  have  no  viscosity*  and  on 

the  basis  of  the  parameters,  *  T^,  pt ,  and  for  diffuser  passageway  canfiguration 

and  intake  air  flow,  one  can  first  figure  out  the  laws  which  govern  the  way  in  which 

the  s^eed  of  the  main  flow,  V  and  vary  with  changes  in  3C, 

dx 

IS  ere  temporarily  supposes  the  speed  Tattem  template,  H  =  a  constant,  and 
the  kinetic  viscosity,  v  =  a  constant;  then,  suppose  there  is  a  complex  parameter, 

0  =  P-^u^  ,  which  varies  with  changes  in  x,  (2.44) 

dQ  ^  5_  /£/9\}  d» 

dx  4  lA  v  )  .dr 

(~ (2  +  «)  — 1  <2.45) 

,  a  comparison  with  equation  ( 2 • 4  3 )  reveals  that 
+  c  <2-46> 

4  ,  4 

However,  from  equation  (2,4-- )r 

X?  _  v"t  9^  U’  ^  ^17"  (2-47) 

If  one  compares  equations  (".4 C)  and  (2,47)  and  consults  Fig  2,12,  he  will  s*~  that 

Taking  £  -  0,0128,  and  H  =  ^  =  1,4,  then,  m  =  4 ;  it  is  then  possible  to  get  the  for¬ 
mula  for  the  relationship  between  9  and  x  as  9  varies  with  changes  in  xs  x  =  the 
distance  along  the  wall  surface*  and 


+ 


If  one  makes  «  **  -^-  ( 2  +  H)  — 


dO 

dx 


Suppose  that  we  already  know  that,  for  the  diffuser  intake,  x  =  x^  and  U=  tT^j 
moreover,  suppose  that,  according  to  equation  (2,38),  we  figure  out  the  momentum 
thickness,  9„  of  the  boundary  layer  at  a  place,  A^,  in  the  intake,  and,  then,  it  is 
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possible  to  get  a  precise  value  for  the  integral  constant,  C,  of  equation  (2.49)  as 
shown  below: 

c  -  PCi'SCi!.  (2.50) 

V  v  )  V\  .  0.01 6vi 


Prom  equation  (?.3S) 


-  OM6xl*(0,  9,*  -  [(0.036)  **,  (— )‘] 


(2.51) 

"hen  we  substitute  equation  (2,51 )  into  equation  (2.50),  we  get 


(0.036)1-* 

0.016 


x.Ul 


0.0158 

0.016 


r.uisx.u;  (2.52) 


Pig  2,1?  is  a  detail  from  the  inner  intake  wall  of  the  ring  cavity  diffuser 
shown  in  Pig  ’,5.  Oy  represents  a  cross  section  of  the  final  stage  of  the  exhaust 
of  the  compressor;  x.  is  the  length  of  the  cylindrical  passageway  which  has  cross 
sections  identical  with  the  first  onej  ®;  is  a  cross  section  of  the  diffuser  intake, 
vie  already  knov?  the.  value  of  x  fl*,  and,  knowing  this,  equation  (2.49)  represents  the 
equation  for  figuring  the  increase  in  the  momentum  thickness,  ®  ,  from  x^  to  the  sep¬ 
aration  point,  s0,  in  the  direction  x#  If  one  choses  a  test  value  for  the  distance, 

x  ,and  for  the  corresponding  value  of  13  for  the  main  flow,  then,  it  is  possible  to 
s  — 

figure  out  a  corresponding ' from  equation  (2.49). 

Besides  this,  through  the  use  of  dimensional  analysis  it  is  possible  to  obtain 
the  result  riven  below: 


_»! B.  (2.53) 

V  dx  '  l  2  j 


* .  j  •  ® 


Pig  2.12 

Figuring  the  Position  of  the  Separation  Point,  s 
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The  main  flow  has  no  viscosity  and  no  loss  in  total  pressure;  therefore,  P 
equals  a  constant.  When  the  differential  equation,  (2.40): 

dx  “  dx  is  substituted  into  equation  (2.55)*  one  gets: 

+  A(m>  “  0*54) 

Fliminating  the  various  (1/2)  p  quantities  in  equation  (2.54)*  one  gets: 

$  ^2}  +  Am>  .  (2.55) 

dx 

V 

In  the  equation  above,  the  constant,  A.  =  0. 00894;  B  =  0,00461;  and,  jr=* 0.516.  If 
the  speed  pattern  total  pressure  coefficient,  ;*)>  0.516*  then,  the  right  side  cf 
equation  (".53)  will  be  positive  overall.  Ihat  is  to  say,  the  mechanical  potential 
energy:  which  is  received  by  the  layer  of  air  flow  that  has  a  thickness,  9,  fror  con¬ 
tact  with  the  outside  layers  is  greater  than  the  mechanical  potential  energy  which 
is  transferred  to  the  wall  surface.  Or,  one  could  also  say  that  it  is  smaller  than 
9  ,  anc  that  the  air  flow  tha.t  hugs  the  wall  surface  does  not  furnish  enough  momemtun 
to  higher  layers  of  air  flow,  and  they  lose  their  energy  for  forward  movement;  there¬ 
fore,  the  or.seA  cf  serar^tion  occurs. 

If  ere  t-.’-es  the  value  of  1 which  is  arrived  empirically  and  substitutes  it 

into  equation  (q,33)»  one  can  solve  for  check  to  s®e  whether  or  not  •  q  *  0.6  — 

0,6,  or,  one  can  check  Fig  2,11  to  see  whether  or  not  H  =  1,4*—  1.9*  If  these  values 

are  vf thin  this  range,  then,  the  x  which  you  have  figured  is  indeed  the  coerr. inrtf 

s 

for  the  print  cf  separation,  s^  and  s^,  toe  should  locate  the  positions  on  the  wall 
surface  for  the  coordinates  of  and  sot  open  a  seam  and  drill  a  hole  there  for  the 
drawing  eff  of  gas. 

(6)  A  Quick  Way  of  Determining  the  Position  of  the  Boundary  layer  Separation 
Point,  s 

'Iking  reference  to  Fig  2.1  (b),  due  to  the  reduction  in  speed  ar.d  the  ircr'-'c 
in  pressure*  the  pressure  gradient  dp/dx,  of  the  main  flow  in  the  direction  of  flow 
is  too  steep;  it  enters  the  boundary  layer  and,  within  the  layer,  it  causes  the 
curve,  u(n)jfor  the  distribution  of  flow  speed  along  the  normal  direction  to  run 
right  along  the  wall,  and,  consequently,  its  slope,  ( du/dy  )  **  0;  the  stress  of 
friction  drag  for  the  wall  surface,  t.  =  0,  or,  the  curvature  (  (0*u /dn1)  )  quickly 
changes  to  a  negative  value;  the  place  where  this  occurs  is  the  position  of  the 
point  of  separation,  s. 

The  place  in  the  intake  of  the  diffuser,  which  has  the  lowest  static  pressure, 
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pi  ,  is  the  place  where  the  speed  of  the  main  flew,  has  its  highest  value. 

Assuming  that,  outside  the  “bottom  layer  of  the  laminar  flow,  the  values  for 
-)( 

the  to^al  pressure,  P,  along  the  direction  of  flow,  are  all  equal,  then,  from  the 
intake  to  the  exhaust,  the  speed  of  the  main  flow,  Hf,  decreases  in  value  in  a  linear 
fashion. 

By  definition,  the  coefficient  of  static  pressure  is  as  follows: 

l  -  27,  Ct>0,  (2.50)' 

±pV\  Ul 

2 

The  coordinates  for  the  cross  section  of  the  intake  and  the  point  of  separation  are, 
resnectively,  x^  and  x^  (Pig  2,12),  If  one  figures  out  and  (  dC^/d^)  according 
tc  the  lavs  governing  a  linger  reduction  in  speed,  then,  they  ought  to  agree  with 
the  empiricr.l  formula  below: 

(x,  — xtycf(~*- Jes  0.0104  —  a  constant  (2.51)' 

The  softer  and  slower  is  the  decrer.se  in  the  speed  of  the  main  flovr,  U,  the  more 
does  the  point  of  separation,  8,  move  down  the  path  of  the  flow. 

Sec  9  Diffuser  Experiments  Concerning  Sudden  Diffusion 

(1)  Sec  2  of  this  chapter  pointed  out  the  fact  that  after  the  angle  of  expan- 
r  i  on  of  the  diffuser,  2\0  > '  4 0  ,  the  loo.  er  in  total  pressure  were  even  larger  than 
the  sudden  diffusion  losses.  If  one  eliminated  the  effects  of  suction  in  centroling 
boundary  layers,  then,  the  periodic  separation  of  boundary  layers  gives  rise  to  a 
pulsating  flow,  and  combustion  is  not  stable.  The  purpose  of  putting  an  "elephant 
trunk"  or  a  "fish  mouth"  at  the  forward  end  of  a  flame  tube  is  to  do  everything  pos¬ 
sible  to  cause  the  core  of  the  main  flow  entering  the  tube  to  flow  evenly.  Ccnven- 
tior.al  ring  ~avity  diffusers  not  o  .ly  occupy  a  long  space,  but  they  also  can  only 
respond  appropriately  to  the  intake  flow  fields  and  distributions  of  flow  of  pre¬ 
determined  configurations.  Operating  speed  changes;  flight  configurations  change; 
the  intake  flow  fields  for  diffusers  and  the  internal  and  external  ring  cavity  flow 

distributions  of  the  type  M  /K.  all  change.  Conventional  diffusers  cannot  resnond 

o  i 

appropriately  to  these  types  of  changes;  due  to  this  fact,  the  characteristics  of 
combustion  take  a  turn  for  the  worse.  Sudden  diffusion,  an  the  other  hand,  can 
respond  appropriately  to  flow  field  changes. 

(2)  The  Purpose  and  Methods  of  Model  Testing  of  Sudden  Diffusion  Diffusers 
in  Short  Ring  Combustion  Chambers 


5? 


In  the  intake  or  the  ring  cavity  of  eombustien  chambers,  if  one  uses  small,  short, 
ring-shaped  "pre-diffusers"  in  conjunction  with  the  compressor,  then,  the  angle  of 
expansion,  2i0  ,  will  not  exceed  18°  (Fig  2,13).  Hiese  "prediffusers"  extend  into 
the  combustion  chamber  ring  cavity  and  suddenly  expand  to  form  turbulent  and  dis¬ 
orderly  flow  fieldsj  moreover,  around  the  circumference  of  the  exhaust,  they  sep~ 
arr.te  to  form  a  pair  of  large  spirals  (actually,  these  are  two  large,  concentric 
vortical  rings  symmetical  around  the  center  line  of  the  turbine  jet).  If  the  shapes 
of  the  dn+.emal  and  e-temal  shells  of  the  ring  cavity  are  appropriate,  it  is  pos¬ 
sible  tc  maintain  these  tvo  vortical  rings  in  a  steady  and  unmoving  rendition;  due 
to  this  fact,  the  amount  of  intake  flow  into  the  eddj1-  current  apparatus  and  the 

amount  of  intake  flow  into  the  interior  and  exterior  ring  cavities,  M.  and  N  ,  can 

1  o 

maintain  a  very  steady  distribution.  ZVec  though  suiden  diffusion  flov:  fields  are 
disorderly,  they  ran  lessen  aerodynamic  interference  in  the  upper  reaches  of  the 
flow  path  and  retard  surging. 

3h  these  experiments,  we  followed  the  corresponding  dimensions  cf  actual  objects 
in  the  making  of  models  and  in  changes:  the  ratio  of  the  amounts  of  flov.’  in  the  int¬ 
erior  and  exterior  ring  cavities,  K  /K. ,  the  distance,  D,  from  the  forward  -portion 

o  i 

of  the  ring  cavity  flame  tube  to  the  exhaust  of  the  prediffuser,  and  the  prediffuser 
angle  of  expansion,  2:0.,  in  test  bed  air  flow  experiments  without  ignition,  all 
determine  the  intake  flow  speed  distribution  at  and  the  coefficient  of  total  pres¬ 
sure  loss 


(weighted  average  of  scattered  readings  an  the 
momentum) 


The  static  pressure  recovery  coefficient 


(arithmetical  reaveraging  of  readings  for  the 
static  pressure  on  the  interior  and  exterior 
walls) 


For  a  representation  to  scale  of  the  dimensions  of  the  model,  see  Fig  2,13  (  for 
numerical  values,  see  the  table  given  below). 

The  ratio,  D/h^,  between  the  distance  from  the  exhaust  of  the  "prediffuser"  to 
the  top  of  the  flame  tube  and  the  height  of  the  zing  cavity  passageway  changes  from 
0.9  to  2.5j  29  ns  6°,  14°and  17°}  the  distribution  of  the  amount  of  flow,  Mo/MjL  » 


0,5  2,0.  Measurements  were  taken  of  the  distribution  of  total  pressure  and  the 

static  pressure  an  the  interior  and  exterior  walls  fox  the  three  cm««*  s^et-ions  tl> 
t®  and  KDj ,  Chce  measurements  were  taken  of  the  intake  volume*  G^»  and  the  int&keMach 
number,  84 '  0.26,  then,  cn  the  basis  of  h.,,  it  is  possible  to  figure  the  Reynolds 

l  nr 


number,  Re. 


•  at  1  x  105. 


2A,  d* 

d.  dm 


0.9+4  ( 

1.911  0.09+  1.2+! 

i  0.928 

1.160 

Hi 

L 

Amt 

Amt 

Ami 

H. 

Hi 

Ami 

A, 

Ai 

0.707 

1.50 

1.773 

1.353 

0.773 

Amt  +  Ami 
A, 


In  the  final  sections  of  actual  compressors  there  are  flow  guides  and  a  string 
of  wake  vortices;  because  of  these,  the  distributions  of  circumferential  and  radial 
total  pressures,  which  are  caused  in  ring-shaped  passages,  as  well  as  the  dis¬ 
tributions  of  flow  speed,  V.^,  and  density,  pi ,  are  all  very  uneven;  due  to  this 
fact,  the  total  pressure  losses  are  increased.  Because  the  influence  which  a  string 
of  wake  vortices  has  on  a  flow  field  is  uneven,  it  is  possible  to  define  three  types 
of  flow  foip  parameters.  During  these  tests,  in  measurements  made  of  the  intake,  A^, 
these  three  types  of  parameters  could  be  distinguished  by  their  cross  section  oo- 
clusion  ratios 

B,  -  -L([[i  -  ,  -  0.282 

The  momentum  flow  form  parameter 

<*-!.« 

The  kinetic  energy  flow  four,  parameter 

(5)  Results  of  Experimentation  and  Discussion  (For  conventinal  ring  cavity 
diffusers,  /“'O.J.— r  0.4) 

Fig  2,14  is  the  curve  for  the  distribution  of  radial  flow  speed  in  the  diffuser 
intake,  A^,  as  obtained  by  the  plotting  of  measurements.  Due  to  the  influences  of 
flow  guide  wakes  and  secondary'  flows,  in  vicinities  where  the  inner  shell  and  outer 
shell  radlae,  r-r^/h^  =  0  and  avr^/h^  =  1,0,  the  flow  speed  i6  very  low  and  < 
1,0.  When  wakes  were  involved  the  eveness  of  the  speed  form  distribution  his  not  as 


good  as  when  there  were  no  wakes;  because  of  this  fact*  the  total  pressure  losses 
in  the  diffuser  were  increased.  A  string  of  wake  vortices  is  a  layer  of  air  in 
which  viscosity  shear  stresses  are  concentrated.  After  this  layer  of  air  enters  the 
"prediffuser" i  the  vortical  masses  are  attenuated  and  dispersed,  stirring  up 
boundary'  layer  separation  eounte-^-currents,  and  disrupting  the  functioning  of  the 
diffuser  in  the  areas  of  reducing  speed  and  increasing  pressure. 

Experiments  revealed  that  the  presence  or  absence  of  flow  guides  in  the  final 
stages  of  the  compressor  had  a  great  influence  on  the  intake  diffuser  of  the  com¬ 
bustion  chamber. 


Pig  2.14 

Intake  :p®ed  Pattern  "  No  Wakes  With  Wakes 


PiC  °.',r  shows  how  the  total  rresrure  loss  coefficient,  f  ,  varies  with  changes 
in  differ ert  flow  amount  ratios,  V.  /K.,  and  distances,  (P/h.,),  If  one  is  considering 
the  influence  of  the  absence  of  wakes,  then,  the  lowest,  values  of  £  occur  under  con¬ 
ditions  in  which  (f/h^)  =  1.0  and  K^/K^  =  1.3  ^1.4.  '  ■'hen  there  are  wakes  present, 

the  lowest  values  of:f^  occur  und<~r  conditions  when  (D/h^)  ~  1.25,  and  (N  =  1.0  ~ 
1,1.  When  there  are  ho  flow  guides  present,  the  most  advantageous  dimensions  and  the 
most  advantageous  distribution  for  the  amounts  of  flow  are  as  follows:  20  =  15°, 


(D/^)  *  1.25,  (K0A'U)  =  1.2. 

Fig  2.16  shows  how  the  static  pressure  recovery  coefficient,  Cft  varies  with 
changes  in  (D/h^  and  (Mq/K).  in  the  diagram  is  the  ratio  between  the  speed 
reduction  and  pressure  increase  of  the  prediffuser  and  the  quantity 


C,x  is  the  static  pressure  recovery'  coefficient  from  crocc  section  CD  to  cross  section 
d)-.  When  there  are  no  wakes,  and  (P/h^)  >1.6  while  A^)  e  decrease  in 

speed  and  the  increase  in  pressure  occur  almost  entirely  in  the  "prediffuser."  At 
the  same  time,  on  the  other  hand,  the  air  flow  which  divides  between  the  inner  and 
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Fie  2.15 

The  Ratio  of  the  Amount"  of  Flov  in  the  Interior  and  Exterior  Ring  Cavities  (2  6 
=  1”°;  7.  Viith  Taken  ,  V’ithout  Wakes 


Fig  2.16 

The  Static  Pressure  Recovery  Coefficient  Varies  with  Changes  in  P/h^  and  Ko/M^ 
I  V’ithout  V.'akes  2  With  Wakes 


outer  ring  caviti^r  actually  drops  in  static  pressure,  which  is  shown  by  the  relaticn 
ship,  C.i  <  Cf4  l  ,  This  explains  why  it  is  not  appropriate  for  D  to  be  too  long. 
Besides  this,  if  D  is  too  short,  Cf t  is  also  reduced.  Such  a  structure  is  also 
troublesome. 


Chapter  3  laser  Technology  for  Measuring  Flow  Fields 


Sec  1  Tracer  Point  Dispersion  Rays 

In  an  air  flow  it  is  possible  to  mix  in  a  fixed  concentration  of  particles,  such 
as  dust  pollutants,  vaporized  oil  droplets  or  to  intentionally  mix  in  some  vaporized 

j? 

silica  oil.  These  tracer  particles  receive  the  illumination  of  laser  light  and  be¬ 
come  many  "second ary  point  sources  of  light"  putting  out  diffusion  rays  in  all  dir¬ 
ections.  then  gurgling  vrtcr  is  interspersed  with  grains  of  sand,  and  these  gr:  ir.s 
are  hit  by  the  glorious  raj’s  of  sunlight,  then,  die  can  see  the  flash  of  golden  lifhtj 
this  is  nothing  but  the  reflection  of  diffusion  rays  from  the  grains  of  sand, 
peculiar  characteristic  of  these  diffusion  or  scattering  rays  is  the  fact  that,  alone 
the  patr.  of  the  incoming  light  rays,  the  part  of  the  diffusion  or  scattering  ray 
which  is  reflected  back  along  this  path  is  about  100  times  stronger  than  the  part  of 
the  diffusion  ray  that  goes  or  in  th*>  original  direction.  The  random  movements  of 
extremely  small  particles  (i.e.,  particles  with  diameters  cf  (irown  mo¬ 

tion)  are  analogous  to  molecular  motion;  however,  compared  with  the  turbulent 
pulsating  flow  speed  .flow  ??•-•*/.  **,  the  V-torst  of  the  mctioif  is  negligible.  Al¬ 
though  minute  particles  can  acour-  -cly  follow  the  directions  of  liner  of  flow,  the 
diffusion  rays  from  them  are  too  weak  and  are  not  very  rood  tc  use,  Re 
larger  particles  (.  ,  ),  because  of  their  large  inertia,  can  exhibit  "speed 

-if  >r«-'tialr’’  during  violent  incr-e-r  cr  decre-ser  in  the  speed  cf  flow,  h~cav.se 
of  this,  the  use  of  the  diffusion  roys  f-om  large  particles  in  order  to  neorure 
flov;  speeds  can  produce  errors.  Therefore,  it  is  necessary  for  the  dimensions  of 

A 

the  tracer  particles  to  be  such  that  0.1  p< 4^1.0  p  ;  moreover,  the  corres¬ 
ponding  concentrations  of  the  particles  and  the  air  flow  should  not  exceed  1:2000. 

In  this  way,  the  error  in  the  measurement  of  speed  can  be  kept  smaller  than  1$;, 


•>ec  2  Double  Bundle  Parallel  laser  Method  for  Measuring  Average  Flow  Speeds 


Fig  3.1  shows  a  flow  field  which  has  been  measured  by  a  double  bundle  parallel 
laser  emanation.  The  signals  from  the  light  rayB  scattered  back  by  the  tracer 
particles  is  received  by  two  photoelectiric  multiplier  tubes  and  salt  back  to  an 
oscilloscope  timer  or  a  multiple  path  sampling  oscilloscope  which  handle  the  data. 
The  laser  li^vt  source  is  a  continuous  optical  excitation  tube  using  ions  of  hel¬ 
ium,  n°cn  or  argon  and  with  a  power  rating  of  approximately  100  mW,  Ch  the  pre- 
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focal  plane  of  lens,  L^,  there  is  arranged  a  double  refraction  crystal}  this  crystal 
takes  the  laser  light  source  and  divides  it  into  two  bundles  of  polarized  light  (See 
the  enlargement  of  detail  A  in  Pig  3»"0*  These  sheaves  of  polarized  light  pass  thro¬ 
ugh  the  rear  focus  plane  of  the  lens,  L^,  and  becomse  two  parallel  bundles  of  laser 
light,  1  and  2;  t'"-ese  two  bundles  then  shine  through  the  set  of  lenses,  L^,  and  onto 
the  area  of  the  flow  field  being  measured,  area  B,  Prom  the  enlargement  of  detail  B, 
one  can  see  that  when  the  two  narallel  bundles  1  aser  If  ~ht  are  focused  on  the  ver- 
*f  r&2  cross  spot:  a”  of  the  flow  field  being  measured  t.-  o'"  ^crm  two  "light  passages", 

■  and  2;  thc  d.'. st®nce  b<"ov°er  twc  of  these  oar. sag- r  —  Aj.  .^acr.  a  z.if  ligr.t  passa¬ 
ges-  is  like  a  ribbon  which  is  wide  at  xhc  tv:c  ends  ani  r.  arrow  in  the  middle,  ’-he 
■‘■bickness  at  the  narrowest  point  is  only  5~io pi  »  -his  can  concentrate  the  stren¬ 
gth  of  -be  incoming  ",ir*ht  on  a  very  small  area,  ao^  increase  t’ne  sensitivity  level 
of  toe  m  o'1  cure  men  to  bear. taken.  If  one  is  considerin'’  •'  ~ir.  gl c  "Article,  when  cne 
takes  the  average  speed,  aj  at  which  it  goes  through  the  two  light  passages,  such  a 
-'article  vil1  produce,  in  turn,  t'-’o  diffuri~r.  or  sor  J’t~"ing  ray  prises,  -uese  tv.’c 
scattered  r—y  pulses  ,  <5  and ®  ,  are  gathered  by  lens,  I„,  reflected  and  ocr.c  r.tr- 
eted  by  a  oerfor:  tef  -lane  mirror ,  ?r  ",  -.'’ter  — ar- lug  thre-v- a  ric— csc.oyo,  V-.c-’e 
two  bundles  o"  ar-'lif :  ec-  'i.~i.t,  The  rurr-nse  cf  the  c~  Iff  -  **.  —  ir  to  it  pos¬ 


sible,  through  the  careful  ;ur too *r.t  cf  *  t-.u  ■  *; - v. - .  *».  '"r.  -r  rrv.-h 

as  possible  the  in  t  erf  eren  c*  mu- so  by  ~  -  '  -r  *  ■  -  -•  «  ty-cur  •  "  M  ':-••••  ir- 

the  flow  field  being  measured  and,  thereby,  tc-  increase  the-  ''  sign  a  ]  -to-c  else  ratio." 
T‘-i»  tr-':-  bundles  pf  l'r*ht  *hat  come  throu—r.  the  sw-e— i-..r c?  ''•■rr  two  s»”'a—~te  e-tic' 1 
rigncls,  me  for  p®ch  hole  and  are  accepted  or  removed  ^spectively  by  photoelectric 
cuhe.'  '}  and  ,  ’-’her.  the  converted  electrical  r:  or  '-l  o  arc  iisrlayed  on  an  cscillis- 

eopc  e-uipred  v'ith  a  memory*  capability’,  it  record*’  f  e  evr-  tien,  ,  ir.  "hich  the 
tracer  particles  nass  through  the  two  lirht  apertures.  If  we  assume  that .  •*  2 p 

seconds,  we  already  know  the  <  Ar  —  0.5mm,  and,  consequently,  the  average  time  flow 
of  the  partie'ec  being  ma ■  cured  is: 


0.5  X  10~* 
2  X  1Q~* 


250  [m/*]. 


With  new  types  of  electronic  instrumentation,  it  is  possible  to  get  a  clear  res¬ 
olution  ‘?v«n  sisals  with  values  of'A**1.  millimicrosecond  (ifT^sec).  If  there 
a  need  for  it,  it  is  also  possible  to  make  fine  adjustments  ^  the  light  path  so 
as  tc  widen  the  interval  between  light  apertures,  j  A*  •*  Because  of  these  methods, 
it  is  possible  to  measure  super-sonic  flow  speeds  of  several  thousand  meters  per  sec¬ 
ond  without  the  degree  of  error  rising  above  0,5%, 

Before  one  can  employ  these  methods,  one  must  first  know  the  direction  of  the 
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§33.1 

Fig  3.1 

1#  A  Schematic  Diagram  for  a  Double  Bundle!  paraiiei  leaser  Scattered  Ray  Instrument 
for  the  Measuring  of  Flow  Speeds  2.  Tine  Display  Oseilliscope  or  a  Multiple  Ifeth 
Sampling  Oseilliscope  3.  Shell  of  the  box  4.  Detail  A  5,  Detail  B  6,  Photo¬ 
electric  tube  7.  laser  Tube  8.  Light  Aperture  9.  A  Two-hole  Light  Barrier  10. 
Microscope  11.  Rays  Soattered  Back  12.  Light  Rays  Entering  the  Flow  Field  to  be 
Measured  13.  Electrically  Controlled  Contact  Optical  Emrasian  Gate  14.  Lens, 

15.  Complex  Ds'itlf  Refractive  Divider  Lens  16.  Perforated  Plane  Mirror  17,  lens 
Set,  L2  10,  Hoc t angular  Trough-shaped  Area  Being  Measured  19,  Reflected.  Optical 
Interference  from  the  Background 

averaged  time  flow  speed,  o<.  If  one  rotates  the  double  refraction  divider  lens  and 
adjusts  the  plane  of  the  "light  apertures"  so  that  it  is  parallel  to  the  direction 
of .  flow,  U,  then,  the  "light  apertures"  are  perpendicular  to  a,  If  one  wishes  to 
measure  a  two-element  flow  field,  cne  can  take  into  consideration  the  averaged  time 
flew  speed  vector,  v,  in  the  direction  of  the  additional  coordinate  and  turn  the 
azimuth  of  the  "light  apertures"  °0°,  However,  this  method  is  unable  to  measure 
the  flow  speed,  vT,  along  the  axis,  z,  of  the  light  rays  coming  in. 

See  3  Measuring  Turbulence  Strength 

As  far  as  turbulent  air  flow  is  concerned,  because  of  the  fact  that  the  size 
and  direction  of  an  instantaneous  flow  speed,  u,  pulsate  over  time,  it  is  necessary 
to  surround  a  point  which  is  to  be  measured  and,  at  first,  simply  measure  large 
amounts  of  data;  only  after  this  is  dene  is  it  possible  determine  the  statistical 
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average  flow  speed,  u,  and  the  pulsating  flow  sjpeed,  u»  that  is  to  say,  u  *  u  +  V; 
the  root-near -square  pulsation  flow  speed  =  ‘  .  In  older  to  utilize  mathe¬ 

matical  and  statistical  methods  for  the  analysis  of  turbulence  flow  pulsations,  the 
best  procedure  is  to  take  the  azimuth  angle, jo  ,  of  the  plane  of  the  "light  apeav 
tures"  and  change  it  so  as  to  go  around  the  axis  of  the  light  rays,  z,  in  8  10 

"stops” ;  during  each  of  the  stops,  the  strength  of  the  scattered  rays  should  he 
measured  about  IjO'X)  tines.  Cor  coming  the  8,000  ~  10,000  pieces  of  pulsation 
ir  this  v*y,  it  is  Tosoible  to  use  a  "multiple  rath  seeming  and 
r a. — "iny  os ■~i! “  i  scope"  to  induce  the  distribution  rcr’c  for  the  "probability 
deceit-,'"  cf  photoelectric  sigoals.  The  horizontal  coomirate  in  Fig  ?,Z  shows  the 
tine, .At  t  required  for  ^articles  to  go  through  the  two  "light  apertures";  the 
ucrtioe!!  occrf.ir.r-tc  indicates  the  rrcbabili ty  density,  4>t  for  paev  of  the  ver'^us 
photoelectric  pulse  signals.  Different  values  of  azimuth  angle,  i®  ,  all  have 
different  datum  lines;  however,  when  measuring  each  of  the  values  of  a ,  the  number 
of  particles  entering  intc  the  area  being  measured  is  always  the  same. 

When  an  averaged  time  flow  speed,  u,  coincides  with  *  =  0°,  the  light  scatxered 
from  particles  as  they  flow  down  the  path  of  the  flow  and  from  the  two  "light 

0  r 

apertures  is  at  its  brightest;  at  such  times,  the  probability  density,  .*»,  of  photo¬ 
electric  pulse  signals  is  also  at  its  largest.  After  the  azimuth  angle,  a  ,  is  in¬ 
creased,  the  strength  of  the  light  scattered  bad:  at  the  two  "light  apertures"  is 
quickly  diminished,  and  the  probability  density.',  ;4>  ,  of  photoelectric  pulse  signals 
is  r-'juoed.  After  i a  ^  1.5°,  then,  signals  almost  disappear.  If  one  changes  a 
bach  in  the  opposite  direction,  he  gets  similar  results.  The  peak  of  the  distribu¬ 
tion  curve  cf  the  probability  density,. 4>,  renreser.ts  the  instantaneous  flow  stved, 

/ 

u.  The  width  of  the  curve  at  the  base  line  represents  the  maximum  amplitude  range 
of  flow  speed  pulsation.  It  can  be  seen  that  the  probability  density,  ,  of  photo¬ 
electric  pulsation  signals  from  rays  scattered  by  particles  is  a  function  of  the 
nci"utr.  crylo,  «,  arc  the  time,'.*  ,  and  it  closely  resembles  the  curve  for  a  lauo~i~.r 
distribution.  If  one  holds  «»  constant,  then, 

<5-2) 

e  =  the  mathemtical  expectation,  and  04  s  the  varience.  Py  using  mathematical  and 
statistical  methods  of  analysis  on  the  distribution  curve  of  probability  densities, 
it  is  possible  tc  figure  out  the  direction  and  magnitude  of  the  averaged  time  flow 
speed,  u,  as  well  as  the  turbulence  flow  strength,  ,  both  parallel  or 

perpendicular  to  u,  Vi  is  the  largest  flow  speed  along  the  center  line  of  the 


60 


«-u* 


-r-'V- 

_yu 


«_- 1.0* 


V _ LfL-  °* 
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?ie  3.2 

1,  The  Distribution  Curve  of  Probability  Densities  for  Different  Values  of  a 
Fnotoelectric  Pulse  Signal  Probability  Density  3.  Time 


trough.  Depending  or.  the  density  of  the  tracer  -nartieles  which  are  added  to  the  air 
flov:,  it  requires  from  3  4  seconds  to  do  8,CD0  10,000  sample  measurements  which 

include  the  tine  neod°c  to  construct  the  distribution  curve  for  the  probability  den¬ 
sities  ,  because  of  this,  when  making  measurements,  it  is  required  that 

per  o'-  '  ■  *  it;*  be  r- in  t:\ined  in  the  air  flow;  only  in  this  way  can  reliable 

"  to  b-  r-«-  .r',  Fig  r.  Z  ~hovs  trie  flow  speed  distribution  rtea’-umed  in  the  rectan¬ 
gular  trough  as  well  as  the  results  for  turbulence  flov:  strength,  the  horizontal 
c ''^rdir.a t'-  ■~rrreseuts  the  r^tic  cf  cross  current  death,  y  =  Hf  II  =  the  width  cf 

the  trough,  '-ne  origin  point,  0,  is  the  surface  cf  the  wall.  The  depth  ratio  is 

1  on  the  center  line  e^  the  trough.  If  one  us~s  the  measurements  resulting  from 
the  "double  bundle  parallel  laser"  method  and  the  use  cf  a  "hot  wire  wind  speed 

meter"  and  mates  a  comparison  cf  them,  there  are  almost  no  areas  of  disagreement. 

The  sane  thing  is  found  if  one  compares  the  Reynolds  numbers  of  the  flow  fields, 

Ir  Tig  ”«"•»  the  "electrical  control  contact  optical  emission  gate"  installed 
in  rrcnt  cf  the  laser  tube  —  or  Pockel’s  cell,  as  ft  is  called  —  is  installed 
•there  for  the  purpose  of  timing  and  localizing  the  exposures  which  are  used  to  inves¬ 
tigate  the  flov’  field  in  the  trou^is  of  the  turning  blades;  it  can  also  be  used  to 
investigate  two-element  spiral  combustion  flow  fields.  It  is  possible  to  install 
circuit  breakers  qn  a  turbine  wheel  in  order  to  indicate  the  position  of  the  blades 
cr  to  install  "heat  sensitive  resistances"  on  key  components  of  spiral  flow  combustion 
chambers.  VJhen  there  is  no  external  electric  field,  "ligvt  gate  crystal  bodies" 
in terupt  the  laser  source.  When  the  timing  and  location  circuit  breaker  on  the  tur¬ 
bine  wheel  or  the  "h°at  sensitive  resistances"  in  a  spiral  combustion  chamber  send 
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“•  •  T}ov  Sp-=ed  Distribution  and  turbulence  Flow  Strength  Measurements  2. Crocs 
Currer t  Depth  Hatio  5,  Direction  of  Flow  4«  Kot  V.’ire  '•■’ind  Spppd  Guage  I'Dasuremer. 
5.  Double  Bundle  Parallel  laser  Method 
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out  a  sigial,  triggering  the  li£it  gate,  there  is  immediately  released  a  large, 
strong  bundle  0f  pulse  laser  light,  which  illuminates  the  troughs  of  the  blades  or  a 
certain  point  in  the  spiral  flames,  An  electrically  triggered  light  gate  (a  Bao  Ke- 
er  box)  is  linked  to  the  shutter  of  a  high  speed  camera.  Hie  exposure  time  can  be 
as  short  as  10  s*sec.  Hie  area  on  which  the  illumination  is  concentrated  is  very 
small,  and  the  exposure  time  is  short;  therefore  f  what  is  actually  illuminated  is 
almost  an  instantaneously  stable  flow  form, 

o'  r  '  V r in. ?i ~  of  th-*  las- r  jot-" ler  Freouency  Iw-Ist;  -r  '  =tnnj  for  Ke*- surinr 
Flow  Srie^a 


Tiff'* ret  cclcrr  sf  light  have  different  wavelengths,  -  A  ,  ar.d  different  free** 
uencies,  /.  laser  light  is  light  that  is  almost  of  one  wavelength*  cne  frequency 

nr.t  ~  pt  *•  'ha  t  c z ?. or  li. /v’r  * 
-  _  r..-"  *■ - — . 
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medium  is  somewhat  slower  t'-r;.  i  <-_r  ~yeod  :  '  •  r: r«.  -  :  _  r.  -vur,  ;  4  r  • 

c  /c  =  jto/*l .  -  »  >  1  1  in  the  char* cte-irtic  cf  Tfrccx  light  in.  a  mediur.  called 

"*  *  *  it.  c4  '  of*  TGifrr.  c  t  j.  CTi  #  «  •  Ir.  cp~  cf  ' — ?\  ~  nr  •“■**?:  fcic  ~  rr  s 

(0XC,  1  atmosphere  of  gres-v.re)  the  index  of  refraotic”  cr  air,  n  ^ 

The  stationary  laser  tvbe  sheets  out  a  "unfac  cf  light  cr.  ic  di'-ided 

into  two  bundles  by  the  light-  dividing  lens;  after  this  has  her-ren  °d , 

these  bundles  arc  focused  by  lenses  and  shot  onto  the  tracer  particles,  F  in  the  two- 
“lener.t  flow  field  (Fig  s.^).  The  direction  of  the  strong  incoming  light,  I_. ,  is 
r~gr  ■  sente3  by  th?  uni-1  *'e-tcr,  rS,  ^  The  direr*  lor  cf  r.-ir'i  rower,  I  ,  which 
is  scattered  forward  from  the  particles,  F,  is  exrrerced  by  the  unit  vector,  &4  . 

The  frequency  of  the  incoming  light  =  t  and  the  wavelength  of  the  incoming  light  = 

=  1,.  •  Th"  frequency  of  the  scatte~ed  light  =>*,  ,  and  the  wavelength  cf  the  scattered 
light  =  V  ,  1,1,  —  c,  — 

because  of  the  Boy  ler  erfeot,  it  is  as  though  the  >**”'»?•  cf  the  incoming  ligd’.t 
leave  a  point,  F,  with  a  relative  speed  c  -  n  •  d—  c  -  o  cos  19  ,  By  the  same  token, 
it  is  as  though  the  scattered  waves  of  light  leave  a  print,  P,  at  a  relative  speed 
of  c  -  -C  •  4,  s  c  -o*'  cos  f , 

Therefore,  the  Dop’ler  effect  relative  frequency 
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1,  ~o-”f  Vectors  of  Rouble  Sheaf  laser  light  2.  Iwo-element  Flov  Fiel. 

coning  Light  2.  scattered  Light  Axis  of  Light 


_  *  —  0  *  ^  £  ~  S  *  &i 

A* 


i.  «=  li.  *=  *  ~  g  •  ^ 

A,  ii  c  —  u  •  «, 
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The  care-bilitie'  of  the  instrumentation  are  as  follows:  ranee  of  possible  speed 
measurement  vnr/o  —  ~0'3r.)/s;  u"per  lir.it  frequency  cf  fluid  pms---  -i-no  -  .-w 
marinur.  rurnulerroe  f  1  -v  strength,  «<*  73');  Simla  tier,  cf  voltage  output  is  prop¬ 
ortional  to  flov  sreed,  o;  accuracy  is  in  the  range  cf  +  1/). 

'lie  laser  Dor'ler  frequency  deviation 

l]  =/,  [£-l],  (3.5;. 

If  one  substitutes  equation  (3*4)  into  equation  (3.5)»  one  car  obtain 


tfi  JL  -  *■ 

c  .  a  . 

1 - -  n, 

e 


As  far  as  the  incoming  waves  of  light  are  concerned,  the  propagation  frequency  in 
a  vacuum  as  well  as  in  a  physical  medium  does  not  change;  only  the  wavelength  and 
the  speed  change;  therefore 


y  f*  /,  „  * 

••  /e  -  T#  ~~ 

it  it  c  it 


(3-7) 


Because  of  the  fact  that,  if  one  compares  the  flow  speed,  0,  which  is  being  measured, 

5  *3 

to  the  speed  of  ligit,  c  at  3*10  (km/s),  it  is  possible  to  ignore  the  quantity,  °  / o, 
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E3.5 

Fig  3.5 

1,  .'.  Schematic  Diagram  for  an  Instrument  for  Measuring  Flow  Speed  Through  the  Use 

of  laser  light  Doppler  Double  bundle  Focusing  2.  Helium  and  Mean  3*  laser  Tube 
t.  .  Optical  Dlement  for  the  Separation  and  Focusing  of  bundles  5.  Two-  element 
riov:  Field  6.  Photoelectric  Multiplier  Tube  ?.  Axis  of  Light  9.  Preamplific- 
aticr.  2,  Mirer  1C,  Middle  Amplifier  11,  Limiter  12,  Frequency  Monitor,  Middle 
Arglific^ti  nr.,  limiter.  Phase  13.  Frequency  Spectrum  Analysis  14.  Frequency  Out¬ 
put  Is,  D"  Am"' ’ •"icr-tion  1c,  Drop  AJoasu^emert  17.  Gate-  18,  CR  Integraph 
'5,  Volt'.--:  •>’- * roled  Oscillator,  Vcq  20.  Dial  Guage  21.  Voltage  Output  Analog 
Magnetic  Recording  23.  Frequency  Tracking  Device 

on  the  basis  of  v.’h ;  ch,  equation  (3*6)  can  be  simplified  to 

j ~2S  •  («,  —  O  «  “•  (cosd>  —  cosd)  (3-8) 

2,  *• 


Because  the  index  cf  ’’efr^ction  of  air,  ’net  1,  ia  is  possible  to  ser- ,  from  Fig  3.4» 
that  *  +  0=**,  6  —  <f>  —  6  i.  Using  trigonometric,  identities,  equation  (3. f)  then 


becomes 


*.*-  2  2  J 


_  20  .  8  . 
T  [Hz] 
^  2 


(3-9) 


*  is  the  "scattering  angle”  which  takes  for  JAs  base  line  the  direction  of  the  inco¬ 
ming  light  and  is  determined  by  the  desicn  of  the  light  path  of  the  instrument  used. 


X—10 

_ w  w  r,  =  6,3283:10  m.  Therefore,  it  is  only  necessary 

to  use  the  instrument  in  Pig  3*5  to  measure  the  Doppler  frequency  variation,  Id.  $  of 
a  point,  P,  that  is  to  say  that  it  is  possible  to  figure  the  local  flow  speed,  "u,  an 
the  basis  of  equation  (3«9)«  If  one  changes  the  position  of- the  focal  point,  P,  of 
the  double  bundle  laser,  then,  it  is  possible  to  shed  some  light  on  the  flow  speed 
distribution.  In  order  to  increase  the  degree  of  sensitivity,  select  for  use  a 
scattering  angle  20°,  +  •—  =  90°. 

3  Iuls«  laser  Photography  of  Ini  -inference  Banc.  Spectra 


(■’)  Integrated  Information  Photographic  Negatives  from  Double  iulse  laser 
Photography  of  Flow  Fields  (Pig  3*6) 

Th°  r.-h"  p”lse  laser  equipment,  IP,,  has  a  "Q.  adjustment  switch"  (  it  is  also 
possible  to  use  acetone  and  chlorophyll  Kerr  ben  a~  a  substitute  fer  this, )  This 

RVi.'tcK  f.  S  Slirdl^r  ’to  "tno  ^  r*V>  "t”  0"  rr.rtj*  —  e>^  2S  ~  2. 0’’  T 


section.  The  purpose  of  this  is  to  allow  electromagnetic  waves  within  the  rub;-  rod 
^esonate,  amplify  and  store  energy  which,  when  it  has  reached  a  sufficiently  high 
level,  can  trigger  the  Q  switch,  instantaneously  shooting  out  a  large,  strong  pulse 
of  laser  light.  Hie  pulse  width  is  ap-roximately  20  millimicroseconds  (10  'sec),  and 
the  eme~cy  of  the  pulse  is  greeter  than  400  millijoules,  Pulses  with  this  kind  of 
strength  are  capable  of  "freezing”  transient  phenomena,  suppressing  the  ef :~ect?  of 
light  radiated  by  flames  and  making  photographs  possible. 


Th^  purpose  of  using  the  "light  filter  form  selection  device",  FP,  is  to  fil- 

4 1 

ter  out  the  ' "boundary  frequencies  of  the  oscillating  laser  light  and  tc  only  allow 
electromagnetic  oscillating  single  form  waves  with  wave,  1  eng ths 1  6943'-^  to  pass 
through.  In  this  way,  it  is  possible  to  guarantee  that  the  two  sheaves  of  laser 
light  which  are  separated  by  the  light  separation  plates,  35,  are  still  of 

•the  rw’f  f  regency.  T^e  first  bundle  iE  the  illuminating  light,  1„ ;  it  par  es  threug 
the  lens,  L^,  expanding  the  cross  section  of  the  light  bundle;!',  and  P^  reflect  the 
light  rays  so  that  they  b  come  parallel;  after  they  illuminate  the  flame  "low  field, 
TS,  they  are  -projected  onto  the  integrated  information  photographic  negative,  HP. 

The  second  bundle  is  the  reference  light,  I0;  this  passes  throufdi  Kj,  and  and 
is  projected  onto  the  intefrrqt"d  information  photographic  negative,  HP.  The  two  lase 
bundles,  1^  and  I9,  come  in  contact  and  intersect  each  other  in  front  of  HP,  forming 
the  "light  wave  interference  area",  SPj  this  area  is  projected  onto  the  surface  of 
HF  and  forms  a  series  of  light  and  dark  interference  streaks. 
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■Fig  3.6 

1,  Pulse  Laser  Photography  Flame  Flov  Field  Integrated  Information  Negative  2, 
Plane  Reflection  Lenses  3»  Concave  Transparent  Lenses  4.  Integrated  Information 
Fh^tograrhic  Negative  5.  Pulse  Laser  6.  Parabolic  Icnrcr  7«  II 1  urination  sr.d 
Reference  Tight  Bundles  S«  ’"'hits  iigv*t  Filter  Fcrrr  Selection  Iv'Str,.,.re,'t  r-«  dif¬ 
fused  Reflection  Screen  10.  Double  Light  Bundle  Included  Angle  I"1.  Translucerh 
«tr'  *  '•••'-or' tor  The  Measured  ^lame  Flov  Field  i3»  T.igvt  ’..‘ave  Interference 


According  to  the  azimuth  ef  EF,  moremertr  forward  an"’  bac  rs  well  as  fine 
adjustments  can  be  accomplished  by  turning  lens,  E,;  in  order  tc  facilitate  adjus¬ 
tment,  the  ’’light  course"  of  the  reference  light,  1^,  from  BS  to  HP  does  not  have  e 


'"  oc  ■' eviation  r  c  r cm. red  tc  the  **1  ’./hi  course"  cr  ”*  *  * 


thr  -Il¬ 


lumination  light,  I.,;  the  basic  difference  in  light  paths,  (lc-  1^)  is  approrimately 
within  a  few  centimeters;  the  incl;ided  angle  between  and  I0,  2a,  is  kept  suite 
small,  as  much  as  it  is  possible  to  do  so  (.2e<'8°);  moreover,  the  normal  line  EP 
divides  the  angle  2a  equally.  In  this  way,  the  interference  streaks  being  put  out 
are  relatively  clearer,  and  the  sep&r-’tion  interval  between  streaks,  s,  is  relatively 
wide. 

(2)  Measurement  Procedure 

The  first  light  exposure  triggered  from  switch  ft,  There  are  no  flames  in  the 
flow  field  (in  a  two-dimensional  flow  field,  there  is  no  air  flov,’  whether  there  is 
a  pattern  to  the  flow  field  or  not).  Distributions  of  density  and  temperature  are 
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■basic  conditions  which  cannot  he  interfered  with.  Concerning  the  illumination  and 
reference  light  sheaves,  because  of  the  fact  that  the  basic  difference  between  the 
paths  of  the  two  lights  (l^-l^)  does  exist,  there  are  recorded  on  the  integrated 
information  photographic  negative  a  set  of  "background  interference  streaks";  the 
interval  between  these  streaks  or  lines  =  s. 

The  second  light  exposure  triggered  by  switch  Q..  There  are  flames  in  the 
field  of  view  (  or  boundary  layer  separation,  shock  waves,  expansion  waves,  etc), 
and  these  interfer  with  the  flow  field.  Because  the  density  distribution  changes, 
the  distribution  of  the  index  of  refraction,  n»  within  the  flow  field  also  changes. 

The  illumination  light  bundle,!^,  is  influenced  by  the  index  of  refraction,  of  the 
new  distributions,  and  this  influence  is  exerted  in  opposition  to  the  new  difference 
in  light  paths  )  of  the  reference  light  bundle ,  I0,  Due  to  this  fact,  there 

is  produced  a  set  of  "deformation  interference  streaks"  which  overlap  on  top  cf 
the  "background  interference  streaks,"  Along  the  x  or  y  coordinates,  the  deforma¬ 
tion  streaks  of  certain  specific  points  have  a  positional  displacement,  a  s,  as 
comnared  tc  the  background  streaks.  It  is  necessary  for  A  E  >  Bf  only  under  such 
conditions  are  there  rroduced  conrlete  and  cion”  i-t°rf erence  streak  spectra.  The 
time  ir ter  •  sec  v.  control  the  two  prise;,  of  light  exposure,  * i  2  seconds, 

O  ^^r.- — t-=d  information  phntograrhic  negative,  the  positional  displace¬ 

ment,  as.  ich  co””*’ ”pcnds  to  a  designated  point  ^is  equal  to  N  •  s;  the  cor¬ 
responding  point  (!)  in  the  flow  field  is  in  t  erf  erred  with  by  the  corresponding  changes, 
Ajpi  ir.  the  '^rious  loot'  densities,  Tnis  value,  As,  arises  at  the  beginning  and 
the  end  cf  f-e  tin®  int*^ oal,  <  Ai.  .  v®‘”«en  the  two  light  exposures;  the  overlay¬ 
ing  streaks  v;hich  result  ar®  called  the  "time  differential  for  integrated  infor¬ 
mation  displays,"  Because  As  Is  related  tc  changes  in  s,  even  if  the  background 
interference  streaks  have  basic' ily  distorted  forms,  it  does  not  make  any  difference. 
This  simply  lowers  the  requirements  for  the  optical  components  and  simplifies  the 
measurements, 

(3)  Principles  of  Light  Vave  Interference 

Assuming  that,  after  rectification,  the  laser  light  is  a  pure  plane  polarised 

o 

light  with  a  wavelength  of  ti  ~  6943  A,  then,  concerning  the  propagation  cf  these 
lifdvt  rays,  it  is  possible  to  write  simple  wave  motion  equations: 

The  point  displacement  of  the  measurement  light  sheaf 


>*  —  E,mji(2x/i  +  <*»,)  —  E,«n  («  +  /,), 
r  A 


(3.10) 
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The  point  displacement  of  the  reference  light  bundle 

jjij  a—  Efaa.(.2*ft  +  *  ijoi  ~  t  4)»  (3-10 

E^,  =  the  amplitude  and  the  frequency  respectively 

e  2  *  ,  .  2  *  .  original  phase 

7  =  — »  <Pi  =  — —  <i  <?>j  “  — —  /,  “ 

*  *  and1  *  angle 

The  integrated  information  photographic  negative*  HX,  receives  the  total  light 
ptrer-th  f  ror  the  int^rserting  H.-'-t  waver  from  the  tv.’c  bundles,  X  (V.'/cr  ),  and  they 
nrc  in  ai"°ot  proportion  with  the  combined  amplitudes  of  the  light  v-avor  cf  fr.*  tv/c 
bundles,?.  .  TJsjng  the  addition  of  vectors  method: 

R1  =  E?  +  E\  +  -2E.E, «*(<£,  —  fa)  (3.12) 

Assuming  that  the  amplitude?  of  the  illumination  bundle  and  the  reference  bundle  are 
both  equal  so  that  E0  =  E,  then,  the  total  light  strength 

l  =  R1  -  2EJ[1  +  cos(d>,  -  <7*,)] 

”  4E1 cosJ  “  4ElcosJ^-  (3.13) 

The  relative  phase  differential  of  the  two  bundles 

*-(*i-'*0-y.a-O  (3.14) 

The  relationship,  k  =  “•  ,  is  called  the  "v-.ve  number”,  that  is  to  say,  in  every 

A 

2  **•'  cm  along  the  an  is  of  the  light  there  are  this  certain  number  cf  waves;  this 
rua^ti^y  also  represents  the  freoue-rey,  f.  It  ir  worthwhile  to  remember  and  bear 
in  rind  the  significance  an^  meaning  of  equation  (5»14)»  i.e.  "When  two  bundles  of 
light  with  the  same  frequencies  intersect,  the  phase  differential  of  their  mutual 
interference  is  equal  to  the  wave  number  times  the  light  path  differential”.2'roin 
equation  (3.1 3),  it  can  be  seen  the t  the  strength  of  the  total  light,  X,  must  dep¬ 
end  on  this  "phase  shaft  differential "  4>  .  Fig  3.7  (a)  shows  the  combined  amplitude 
vector,  R,  of  two  bundles  cf  light  waves  as  well  as  the  corresponding  phase  differ¬ 
ential,  '<*>;  (b)  shows  the  total  light  strength,  1,  and  how  it  varies  with  changes  in 

the  phase  shift, When  the  phase  differential,  ^  -  0,  2***'  4  *,  ...»  2N-**',  I  =  4 

p 

E  ,  and  one  sees  appearing  patterns  of  bright  stripes.  When  the  phase  differential, 

s  '*>.  3  *  »  5  ,,  (211  +  l)4r  ,  and  1  =  0,  then,  one  sees  dark  stripes  appear¬ 

ing,  When  N  =  0,  1,  2,  3»  . ...  and  so  on  in  whole  numbers,  these  are  called  "inter- 
ference  stages”  or  an  "interference  series."  From  the  spectral  plate,  BS,  to  HP, 
the  quantity  (lj-l^)  is  different  for  different  points;  <t>  is  also  different;  due 
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to  this  fact,  HP  shows  the  appearance  of  light  and  dark  stripes. 


Sec  6  Analysis  of  Interference  Band  Spectra  and  the  Figuring  of  Temperature 


The  integrated  information  photographic  negative,  HP,  which  is  taken  of  com¬ 
bustion  flow  fields  during  two-pulse  laser  photography,  records  complete  information 
on  the  light  path  differentials  and  light  strength  distributions  within  the  field  of 
V’  hots  when  i'r a"?  flames  rrcsert  one  '..’her  the"?  are  none#  After  the  develop— 
r.ert  cf  these  phc'cgr'  "hie  negative"  it  is  necessary  to  ^capture  the  ■'-coitions  which 
correspond  to  those  which  existed  at  the  time  cf  the  original  photograph;  if  one 
uses  a  continuous  laser  light  (such  as  heliur.  and  neon  at  6328  A)  and  uses  a  lens 
to  pr- ject  the  light  onto  a  light  sensitive  photographic  neg"Jive  or  photographic 
pap-^r,  one  finds  appearing  again  the  original  interference  situation;  only  in  this 
vav  is  it  possible  to  obtain  the  interference  st"ipe  spectra  in  Pig  3.8, 

Assuming  that  cne  already  knows  the  background  temperature,  T  ,  in  the  field  cf 

0 

vision  during  the  first  light  exposure,  and,  assuming  ore  also  aire-dy  knows  the 
pressure,  p q,  the  density,  p^,  and  the  index  of  refraction,  nQ,  and,  further  assuming 
that  one  already  knows  that  the  thickness  of  the  flames  in  direction  z  is  e  s  20  (nm), 

then,  on  the  basis  of ‘physical  optics: 

,  _  ,  constant- 

-”t-~  }  —  2 - i«  K,  n-l  -»«, 


P 

then 


p» 


P 


if 

K 


(3.15; 


Chengr.:.  i-,  th<--  "aeoous  index  of  -.-fraction.  An,  and  change: 
a"°  related  in  the  following  way: 


density,  A  p 


A B  =  —  £  =  KAp  (3.16) 

Canr.^rr.L'  g  *V  two-pulse  light  exposure  of  a  given  point  ^corresponding  to  the  flow 


or  nattens  cJ 


1 .  ~r.t  a-  o. 


■trines  arc  roh 


i:  erroneous 


b-vci:"'r,'und  values 


„  £-*•-  ii-’t  .*p 


m  -  KAp  •  e 

therefore 


(3.17) 

(3.18) 


If  one  assumes  that,  throu^i  the  entire  process  of  combustion,  the  flow  field  ores— 
su"e,  9  ,  remai'  s  a  constant,  then,  according  to  the  gas  state  equation,  —  pg> RT, 
it  should  be  true  that 
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JL-.Is-.JL  *  l  —  t=e-, 

a  t  a;  p*  '  ..  *  * 


_  *£ 


C3.19) 


Temper?.tur®  of  the  illumination  point 
when  there  is  combust!  or 
iackrrfund  temp^rsture  v.’hen  the"?  is 
no  combustion’ 


f  *  j _ AA 


B3.8 

Fir-  3.T 

1,  Interference  Stripe  Spectra  of  Combustion  Flow  Field 
form  background  st^ine  -nattem 


.  f  is  an  ever,  or  uni- 


C3-20) 


V.’e  already  know  that  under  standard  temperature  and  pressure  conditions  (T  =  275K, 

r  S  i 

p  =  1,033  k s/cm')  the  refractive  index  of  air,  n  =  1,0003;  therefore, ®  3  x  10-4, 

P  6*8 

If  one  assumes  that  the  background  temperature,  T  =  295(E),  then,  p  =p  .  Due  tc 
the  fact  that  9  and  T  have  a  relationship  with  each  other  that  is  defined  by  a  hyper¬ 
bolic  curve,  one  can  substitute  ,  ,  w  273  ,  „  ^  in_ 

Oo  *  W|  A  —  2.0  A  11) 

293 

In  Fig  3.8,  the  illuminated  point  ^and  the  background  base  point  0  (Xq,  y^) 
are  deformed  along  the  x  axis,  and  the  erroneous  values  for  the  background  strips 


—  =  A/  —  6,  2, —  6943  A  *=  0.6943  X  MTUnun]. 

t 

Nl  _  6  X  0.6943  X  10~*  ^  4.166  _  Q  744 
a„f  “  2.8  X  KT4  X  20  5.6  ” 

By  substitution  in  equation  (5»20),  crae  can  figure  out  the  temperature  of  the  illum¬ 
inated  noint^l^ 

Tl _ _!i - -  J22-  -  1144  £K1. 

1  —  0.744  0.256 


Using  the  set  of  conditions  in  which  different  values  of  y  *  a  constant  value  of  tl* 

x  coordinate!  one  can  figur®  out  enough  temperatures  to  make  it  possible  to  precisely 

# 

determine  the  temperature  distribution  of  the  combustion  flow  field. 

’■'her  one  car"~iee  out  the  actual  analysis  involved,  it  is  possible  to  use  a  micro- 
dens:  tometer  to  clear  up  the  spectral  Tiatterns  cf  the  interference  and  substitute 
these  into  manual  succesive  point  calculations,  At  the  present  time,  the  use  of 
this  instrument  still  only  gives  one  the  C'pabil ; ty  to  measure  the  density'  and  temp¬ 
erature  distributions  of  tvio  dimensional  flow  fields.  It  is  also  possible  to  make 
multiple  f  .  o.”  .as  cf  several  cross  sections  and  then  put  them  together  to  form 
a  three— ir  or  ~i  "T  '.l  or  cubic  diagram. 
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Chapter  4  Basic  Equations  of  Flow  Fields 


Sec  1  Characteristics  and  Concepts  of  Flow  Fields 

The  space  filled  by  a  flowing  body  or  fluid  is  called  a  flow  field.  After 
selecting  the  coordinate  system  to  be  used,  one  already  knows  that  the  intake  of 
the  field  and  the  boundary  conditions  do  not  vary  vith  time,  and  the  peculiar 
characteristic  of  st- hie  flew  fields  is  that  flow  speed  pressure,  pressure,  density 
(or  concern  tT  tier)  an'  temperature  all  have  fixed  patterns  of  distribution  within 
the  scope  of  the  flov  field  and  their  values  do  not  vary  with  time;  these  distribu¬ 
tions  are  f-lso  called  speed  fields,  pressure  fields,  density  (or  concentration) 
fields,  and  temper- ture  fields,  'wring  the  performance  of  tests  or  whole  combus¬ 
tion  chamber  designs  or  parts  of  these  designs,  whether  it  is  with  ignition  or 
only  in  the  form  of  an  air  flow  test,  by  the  use  of  tiny  transmitters  or  laser  light 
tort  t'»chni',uoE  connected  to  nutirle  path  data  collection  and  processing  machines 
(Tli)  epvipp-’d  vith  a  printer  cr  an  optical  display,  it  is  possible  to  measure  the 
r-'r-  r  "  t  •  ■  r^ributi  •**.  of  flow  speed,  density,  pressure  and  temperature.  This 

er  p*. ip  ; .  r  -c.f  <•-*>•.  ce  value  for  the  work  of  determining  and  improving  the 

- a  r-nmniTt  of  combustion  chambers.  On  the  basis  of  a  theoretical 


fields  car  enter  into  a  relationship  of  mutual  corroboration  vith  the  results  of 


~  fS  T  •£  C* 


j co  c 


-  if •"'o~  +  forms  and  shaper  of  combustion  chambers,  and  this  can  form 
+he  t*st  production  cf  rev  shapes  an-*  types  of  combustion  chambers. 


This  nc.hcr  it  possible  to  save  e^uinnent,  manpower,  resources  and  time  as  compared 
to  "dimension  adequacy ,  high-altitude  flight  simulation,  and  combustion  chamber 
component  test”  procedures. 

Flow  fields  analysed  from  the  perspective  of  fluid  mechanics  are  partial 
abstractions  of  real  flow  fields.  For  example,  •..•hen  one  is  analysing  the  flow  field 
of  a  diffuser,  one  uses  a  value  of  u  =  0.° °  TJ  as  the  boundary  line  of  flow  which 
is  used  to  divide  the  main  flow  field  from  the  boundary  layer  flow  field.  3h  the 
case  of  a  jet  exhaust,  it  is  possible  to  separate  the  core  flov  field,  which  has 
an  even  flow  speed,  from  bound ary  layer  flov?  fields,  which  a-e  characterized  by 
turbulent  shear  forces.  In  such  main  flows  or  core  flows  is  possible  for  one 
to  ignore  viscosity  and  only  consider  compressibility,  and  such  flow  fields  are 
call  aviscous,  avortical  or  potential  flow  fields.  In  boundary  layers,  if  it 
is  possible  to  ignore  compressibility  and  only  consider  viscosity,  then,  this 
type  of  flow  field  is  called  an  incompressible  flow  field. 


Many  designs  of  combustion  chamber  are  axially  symmetrical.  In  the  flame  tubes 
of  single  tube  and  cannular  types  of  combustion  chambers,  the  mid-lines  of  these 
tubes  can  be  taken  to  be  the  axes  of  symmetry  of  the  flow  fields  in  the  flame  tubes. 
The  axis  of  symmetry  of  ring  cavity  combustion  chambers  is  the  centerline  of  the 
jet  engine.  If  the  air  flow  parameters  are  all  the  same  at  equal  distances  out 
from  the  axe^  of  symmetry,  that  is  around  the  circumference  of  a  circle  with  the 
axis  of  symmetry  as  its  center  and  the  distance  ir  question  as  the  radius,  then, 

•  h;.~  ir  eel!®'  an.  axi symmetric  few  field.  A  vertical  cross  secti-'h  running  through 
ihe  radius  and  axis  of  symmetry  of  the  flow  fields  involved  is  called  the  meridian 
plane.  Each  meridian  plane  in  a  flow  field  structure  is  similar.  Therefore,  axi- 
eyrw-ric,  three-dimensional  flow  fields  can  be  simplified  into  two-dimensional 
flow  fields  for  purposes  of  handling.  Even  if  a  flow  field  is  not  axi symmetric,  it 
is  only  necessary  for'  the  mechanical  structure  to  be  axisymmetric  in  order  for  it 
to  be  possible  to  take  the  flow  field  and  " cut  it  up"  into  several  planes  of  rot¬ 
ation  and  m-ridian  planes,  which  can  be  analysed  as  two— dimensional  flow  fields,  and 
then  put  back  together  into  an  image  of  a  three-dimensional  flow  field.  The 
blade  cascade  in  the  plane  of  the  bled*  wheel  mechanism  uses  precisely  these  planes 
of  rotation  to  cut  up  all  the  and  open  then  up  to  fora  plane  flow  fields. 

The  eddy  current  apparatus  of  combustion  chambers  has  spiral  flow  V'e-v-  ,  a-.-  -hese 
car.  also  be  cut  up  to  form  a  plane  blade  cascade.  To  talk  for  a  moment  about  th® 
f orwa-d  saet’cn  of  flame  tubes,  th®  rirg-shap®d  spiral  jet  which  comes  fror  the  eddy 
current  apparatus, car  be  thought  of  as  a  three-dimensional  spiral  flow  field  ir.  which 
a  vertex  add®!  to  a  jet.  Each  gas  distribution  hole  puts  out  one  jet.  The  odd 
air  jets  that  enter  through  the  holes  where  the  gases  from  the  main  combustion  and 
coding  areas  mix  together  are  blown  away  and  bent  ted  broken  up  by  the  hot  gases 
from  the  main  air  flow  within  the  flame  tubes;  this  creates  a  three-dimensional 
'Mow  field  where  the  hot  and  cold  air  flows  mix  together, 

Moving  on  to  a  no’-e  generalised  discussion  of  combustion  chambers,  if  there  is 
a  vortical  turbulence  flow  present  in  a  combustion  chamber,  then,  one  cannot  ignore 
viscosity  any  longer;  if  the^e  are  changes  in  density,  then,  one  can  no  longer  ig¬ 
nore  compressibility;  if  there  is  a  temp-rature  gradient,  then,  one  can  no  lcnger 
ignore  heat  transfer;  if  there  is  combustion,  then,  one  cannot  igiore  changes  in 
the  constitution  of  the  gases  involved.  Even  if  there  is  no  combustion,  a  cold 
air  flow  test  in  the  interior  of  a  combustion  chamber  creates  a  three-dimensional, 
viscous,  compressible  flow  field.  In  order  to  simplify  calculations,  every  effort 
should  he  made,  on  the  basis  of  the  structural  peculiarities  of  the  combustion 
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chamber  involved,  to  divide  up  the  three-dimensional  flow  field  into  several  local¬ 
ized,  two-dimen sional  flow  fields.  Speaking  of  combustion  in  general,  the  larger, 
the  number  of  types  of  gases  it  mixes  together,  the  more  complicated  are  the  analy¬ 
tical  computations  associated  with  it. 

Sec  2  Flow  Field  Gradients 


Among  the  te-!aneVrn  associated  with  fl  ov  fie?  ‘r,  J’  rrc  arc  some  v:.:’  ch  are 
r in-l y  r.ur -rira'  '•var titles  of  sine  and  h a**e  no  ni—--''tf. n"  nh~d  to  then.,  f-r 
“•racple,  tenpe-ature,  T,  concentre  tion,  p  (density’,  p  ),  pressure,  p,  energy,  E, 
and  sc  on.  Ehe  r-va.ee  in  which  non-directi onal  naxaneterr  are  distributed  is  called 


r.itude,  bet  a?,  sc, 


.  “here  a~e  som®  par-motors,  he  r,  •  -hid.  have  r.ct  only  mar- 
directional  quality  to  their.,  for  e::a -pic,  speed,  Vt  acoe'er- 
ation,  a  ,  momentum,  “mV,  and  force,  F,  etc,  -he  space  in  which  directional  parr1- 
r'  a g.^70  c.2. ujli, i.  ~  ~  ed  c-  vc c"tc **"  —  L. r: ”  c*. ,  ^  c  *v,  — c.JT  ?  cor'.truf’i’'*  cr 

chamber  is  net  only  a  rue-t;"  native  field,  but  rise  a  vo-t-T  fir-ld,  ?r  a  mar,  if 

on®  tabes  s -a  2«ve?  an  ?.  bare,  and  "c“' 1*  the  '  -f  -■ x~irr  —  - 

r''  c  b’*  t’"r  use  of  cr'drur  dir e f  “d®r,  aln^n^*  5  — - ' •  r>~  >- . ~r  **  "ic’c.  v.  in 

which  the  contour  lines  sr-  ;l.nro  ■‘x.g-  *'  er  -  r  --  •  -;:y  .  rp  -d  vc'  1,  v: 

the  gradient  is  large,  ;.r-r.i  fer  •;  fre  •  •  .  ...  p..  -  cr;  rr-.tu—  '  or- 

.  r 

of  low  temperature,  and  this  h~~t  flow  is  rep-r  scr  *  by  q  (hcr.l/r",s)}  any  piircn 
^ i.f’f'u 5*t$  *ior  f  r  iz-'  ^  w  “c  ;,c(?r  *,  ■v* ~ !r?  f  p 

r 

eon rent— tie-  is  sra  roe >  an'1  this  diffusion  is-  ''e,"’c’rer-'t el  by  f  (bg/r  ,s)j  re.sos 
tend  to  flow  from  areas  in  •*hioh  ih®  pressure  is  high  tc  oreos  ir  which  the  ~r®ssure 
is  d -\; ,  and  this  density  flow  in  repr^'er. ted  by  (hg/r  ,s);  all  the  quantities 
mentioned  here  a^e  vector  quantities.  In  a  flow  field  under  examination,  it  is  pos¬ 
sible  to  '’raw  out  a  oor.tcur  m®p  fer  total  pressure,  tot'l  t®Tmer?ture,  concentration, 


v.'cir  sev:"- 


»  :  for  the  respective  qu'n- 


•liti«s  within  the  flow  field  ir  question,  '.'.’hen  these  curves  are  projected  ontc  a 
coordinate  plane,  they  become  nothing  more  than  isothermal  lines,  lines  of  equal 
pressure,  etc,  ,  etc. 

In  the  case  of  a  stable  flow  field,  it  is  possible  tc  get  the  distribution  fun- 

"tiai  for  tc-1  Pressure,  ever*.  11  tempo- ture,  n&  concectrr.tion  within  the  space  of 

•  — 

the  flow  field,  a-d  these  functions  are  called  potential  functions  « ”  &  (x,y,z), 

^  =  a  constant,  and  it  is  called  the  equal  potential  surface.  Concerning'  the  pot¬ 
ential  function,  ,  its  rate  of  change  along  a  normal  line,  n,  or  its  directional 


75 


derivative  is  called  the  "gradient”  of'4>*,  grad 


gnd<t>  —  V<£ 


A  +  iJ L 

9*  9y 


-l±+'li+i»l± 

9x  9y  Or 


(4.1) 


i,  3,  and  k  are  respectively  the  unit  vectors  for  the  positive  lengths  along  x, 
y,  and  z.  Hie  inverted  triangle 


and  it  is  the  vector  differential  of  the  orthagonal  coordinate  system  or  the  operator 
of  the  directional  derivative,  The  symbol*  vi  in  a  d  of  itself,  is  a  vector;  there¬ 
fore,  the  gradient,  is  a  vector,  which  has  three  components,  one  each  alcng  the 

x,  y,  and  7  axes.  By  using  the  concept  of  the  gradient,  it  is  possible  to  derive 

several  formulae  reflecting  basic  principles.  For  example,  in  the  investigation  cf 
the  heat  flow  that  travels  outward  through  the  equi potential  surface  as  veil  as  the 
investigation  of  the  question  of  the  diffusion  density  flow  cf  physical  substances, 
etc.  : 

If  one  assumes  that  ^  =  T,  then,  the  heat  flow 

:  wfai  A 

>  n.'"-«eS .y  1  -  *~ 

<4.2) 

r\  • 

l  is  the  rate  of  thermal  conductance  (kcal/nf  ,  s  .  E).  The  heat  flov.’,  q ,  and  the  ter— 
nr — ture  g^dient  ar^  related  Quantities*  The  negative  sign  “"presses  the  transfer  of 
h«o.t  from  areas  of  high  temper-ture  to  areas  cf  low  temper- ture  as  well  as  the  rever¬ 
sed  directi-n  of  the  gradient.  If  one  makes  <t>  —  c,  the  diffused  density  flov; 

f  =  _£><7r  -  —D  (/  +  *~p)  I ks/*«*  •  s] 

\  dx  dy  Or  > 

(43) 

D  is  the  diffussion  coefficient  (m  /s),  and  c  is  the  concentration  (kg/nh),  The  dif¬ 
fusion  density  flow,  f,  and  the  concentration  gradient  are  related  quantities,  and 
they  are  related  by  the  Fei  Xe  equation  gust  as  the  heat  flow  and  the  temperature 
gradient  were  related  by  the  Fu  Li  Ye  equations.  The  negative  sigi  expresses  the 
mutual  orporition  of  the  direction  of  diffusion  end  the  direction  of  the  gradient# 

If  cne  sets  tc  the  speed  v£lue,  then,  the  density  flov; 

PV--PV*--p{i  ^  +  +  lkg/m*  •  *] 

(4.4) 
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The  gradient  rf  the  speed  values,  equals  the  flow  speed  vector,  ^  ,  and  the  diiv 

ections  of  V  and  the  direction  of  the  gradient  are  opposite. 


Sec  3  Practice  in  Hultinlication  of  Vector  Quantities 


(l )  Supposing  that  the  included  angle  between  two  vectors,  a  and  b,  is  ;®  ,  so 
that  ,0^6^*.  Then,  the  scalar  product  of  a  and  t  (the  point  product)  is  a  mag- 
r:  trade  a*  b  -  ;•>  e-e-  6. 

6  =  90°,  a  •  b  *=  0;  e  =  0°,  a  •  b  =  ab.  (4.5) 

Conce-ninr  the  magnitudes  of  identities 

<•<=/•  i  =  k  •  A  =  1,  1  •/  =  /•  *  =  k  •  *  -  0.  (4.6) 

•’  r 

(-)  The  "vector  product"  of  two  vectors,-  a  and  b  ,  (alec  called  thr  cro.tr  pro¬ 
duct  )  X  b  =  c  'hich  is  a  third  magnitude,  c  nemendicular  to  the  nlar.e  cf  *  and 
.  If'®  is  the  included  angle  between  <*■.  and  ,  sc  that 

T:v  magnitude  cf  c  is  <=_•  Xb“  !  a  J  •  I  £  |sin  0  (4.7)  =  the  surface 

area  of  a  quadra.lateral, 

The  direct’ cr  of  c  is  c«t*  ine~  by  the  use  of  a  rule,  called  the  left-hand  ccn- 
‘  he*  rr,  +  ?>:«.«  t;-»  thumb  of  one's  left-  hand  and  wraps  his  thumb  and  hand 
"c  thr-  -he  thumb  of  the  left  hand  points  in  the  direction  of  ©-  and  that  the  other 
a  — -••r.d  that  direct? -T!  at  an  angle  €<*  and  coincident  vi,tv  ^  , 

Or,  one  cculd  think  cf  it  as  looking  up  the  vector,  *,  as  though  it  ve’-'f  an  arvov; 
ir.  over.  0  cone,  a  turns  around  thr  ar~ov?  in  a  counterclockwise  d? re c tier  p.t  ?"  an g?  , 
0<*  an-'  "cincide^t  with  h ,  Ae-crding  tc  thus  rule,  if  the  cross  product-  3f 

m.  and  *>’sre  -’eversed  in  order,  then,  the  direction  of  the  third  vector,  «.,  is  turr.rd 
arc’.r d,  that.  is. 

b  X  a  =  |/>!  •  J  q  ]  sin  (  0)  —  —  c  =  —(a  X  b).  (4.8) 


If  we  *alk  about  the  three  "unit  vectors”  i,  j,  and  k  for  a  moment,  then,  we  come  up 
with  •“’he  fell  owing  T,elationsv'iT>s 


*  X  —  ;  X  /  -  *  X  {  -  0;  (4.9) 

*  x  ;  -  /  x  k  * »,  A  *  »  — ;;  i  x  ;  —  — 

*  x  ;  -  —  *»  »  x  *  -  —  i.  (4.10) 
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(3)  "The  dot  cross  ■product  "  of  three  vectors^  »  •  (b  X  e)  is  the  volume  of  an 
equilateral  par^llelipired,  »,  b,  c  .  Since  fb  X  c)  represents  the  lower  surface 
area,  and  a  represents  the  slope  height.  The  included  angle  between.*  and  (b  X  c) 

=  6.  a  •  (b  x  c)  =  ]«|  co*6  •  |b  x  c|  .  f  and  within  this  expression  \e\ca*8**h 

is  an  altitude  perpendicular  tc  the  base  surface  area}  if.  in  equation  (4.11)  there 
are  the  three  vectors  a=  *«i  +  J«a  +  —  **i  +  j  +  ;V,  +  , 

th -r.f  it  is  possible  tc  use  determinants  to  express  the  dot  cross  products  of  the  thre 
vectors 

tti  flj  «3 

a  •  (b  X  c)  bi  (4.12) 

ci  c,  ti  , 

line  to  -be  fret  tb.at  the  "dot  products"  of  the  three  vectors  represent  volumes,  if 
a  •  (b  X  c)  =  C.  th-u,  the  volume  equals  0,  2nd  the  three  vectors,  a,  b,  and  c  . 
rust  lie  the  same  ’■'lane.  The  —everse  of  this  is  also  true, 

(  ’  j  T-.e  Continued  Cros  ■  Product  of  Three  Vectors 

a  X  (b  Xjc)  —  (a  •  e)b  —  (a  •  b)c  (4.13) 

rr  ~  '  rrc--  et  of  two  vectors,  bx«  — d  ,ie  a  third  vector,  d,.  which  :s  per- 
.  '  •  -  xi  -■  -e  j-,...  orl'i-al  tv;  '-e^ter-,  b,  an"5  c  ,  a  x  (b  x -c)  =  a  X  d  =«. 

e  is  pf—prpdi culor  to  the  —lane  —f  vectors  a,an':  ■  ^  ,  and  is  still  a  verier, 

for  f  C-ntinuour  nations  and  "T'.s— e-'io n"  cf  Flow  Fields 

Imagine  the  use  of  a  thin  transparent  film  cf  air.  which  is  also  called  a  "con¬ 
trol  surface".  *S  ,  and  closely  adheres  to  the  inner  ’alls  oi  flame  tubes  a-  well  as 

int-.hes  and  exhausts  and  coats  them  (Fig  4.1 ),  The  space  within  the  thin  membrane, 

' ,  is  r-~ '  c/  the  "cor.t"”ol  volume".  V  ,  There  :  -  r.‘tf  r,  moment’.!-.,  nr  erg;-,  etc,  cont¬ 
inuously  passing  through  V  from  the  surface,  S,  and  flowing  in  and  cut  of  the  flame 

tube.  On  the  surface,  S,  a  designated  point,  F,  has  running  through,  it  the  normal 

0 

line  n,  and  the  unit  vector,  *,  along  the  normal  line,  n.  Around  the  point,  F. there 

ere  deliniated  a  differential  surface,  dS,  as  well  as  a  differential  volume,  AJ\. 

» 

If  one  set-  the  i-cluded  angle  between  *  suad  the  flow  speed,  vector  of  outward  scat¬ 
tering  equal  to  6  at  a  point,  P,  then,  V  •  n  —  VcotG  which  is  perpendicular  to  the 

outward  flow  speed,  dS,  If  one  establishes  that  the  direction  along  external  normal 
line,  n  is  figure'  to  be  positive,  then,  the  matter,  momentum  and  energy,  etc.,  which 

are  flowing  out  are  figured  to  be  positive  values,  and  the  inward  flow,  V  ,  is  con- 

s 


sidered  as  having  a  negative  sigji.  The  volume,  Q,,  which  is  dispersed  outward  every 
second  from  the  control  surface  is  V  *  n,  is  the  Integral  along  the  entire  surface, 
S,  and  is  c  .lied  "scattering  magnitude": 


Q  ■“  ^  V  •  i idS  (m5/*] 

The  "divergence"  of  the  speed  vector  field 


(4.14) 


div  V  *=  VV  “  lim  [  1  “  lim 

LAI'/J  *»V« 


(4.]S) 


therefor* |  t’*>e  divergence  is  equal  to  the  volume  scattered  cut  from  th°  cor t.jvj  sur¬ 
face,  S,  every  second,  from  each  unit  of  control  volume:  the  unit  for  ~h"’c  quantity 
is  (r •  /r »  r.  ),  ’•'her.  ,  tend*  toward  a  trace  amount,  ?.'rc,  it  is  nocsi'  l<-  to  rv— 

tain  from  e"uatio:.  (‘',1;.)  the  relationship 

q  =  .  njs  =  (j^1  vV//l7,  [rn’/s]  (4.16) 
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dSM 

V 

Btl  v..  ««*®  S 

Fig  4.1 

1,  Control  Volume,  V  ,  and,  Control  Surface,  S  2,  Vails  of  the  flame  tube 

s 


The  equation  atove  takes  V  •  n  ,  the  double  integr- 1  along  the  surface,  S,  and  *umf 
it  into  the  divergence,  'VV  on  the  hauls  cf  the  triple  integral  of  the  volume,  V  • 

In  fluid  mechanics,  this  is  Gauss's  theorem. 

The  divergence,  is  the  dot  product  of  two  vectors,  and  is  a  magnitude, 

Using  equation  (4.6) 

4,  v  -w  -  (.  £ + *-§- +<£)•«"+* * + « 


Vd*  dy  .  \d*J 
eu+|v+|w  (1/j] 
dx  dy  •  dx 


(4.17) 


Imagine  that  the  micro-masses  of  gas  in  Fig  4,1  have  a  AV,  value  that  is  ap¬ 
propriate  to  elastic  solids;  in  this  case,  the  three  partial  derive  ives  on  the  right 


side  of  eouaticn  (4.17)  represent  "the  rates  of  change  of  the  "tensile  strain  along 
the  x,  y,  and  z  axes  or  the  "linear  deformation  rate". 

Take  the  symbol  f  to  represent  density,  ptkg/m1]  ,  density  flow,  pV(kg/m  *s) 
or  total  enthalmic  density  pi*  (kcal/m^),  **  =  (kcal/kg);  with  these  ideas,  then,  it 
is  possible  to  generalize  tne  concept  of  "magnitude  of  divergence":  i.e. 

—the  amount  of  matter,  momentum  or  energy  which  is  scattered  out  from 


the  control  surface  ner  second 


~=(j)SfV  •  n<*S  0-18) 

— within  r.  control  bofy(for  natter,  nor. t. our  or  energy,  the  rate-  cf  trans¬ 


formation  r>~r  second 


(4-19) 


— if  one  taker  f,  s  p,  then,  the  matter  soar ring  magnitude  (or  material 
rate  of  outward  flow) 

-  (j)%V  •  n JS"  tkg/»l .  (4.20) 

If,  within  the  control  body,  there  is  nc  "mint  rr/.-'cc" ,  (that  i?  tc  nay,  a  source 
that  river  out  matte;  ',  t’  t*.  “her®  is  sire  ne  ir.t  t '  '  ~  tr  ~~ ,  a  r.i”’ 


V  "  -  ....  4-  . 


^  . . 


of  mass,  within  V  ,  it  ;r  r~~  ro-~ib'r  ?;• — •*—  '  . -  ; 

s 

necessary  to  resup- ly  :t  ire-  outride  (for  scc-tv  rl-.y  u;  v 

sign,  and,  for  -e^u-yly  mas-  vc  use  f  r>«yc~iv<»  s‘-r);  f  <*-»fcre, 

</F,  =  —  (£*  pV  •  “4fS  (4-21) 

©vi  C1  ’  j  i  pV  ^  If'  r;  Y*V  *  ^  "n-*  ’  ^  "fr 

(/: #l6)f  f  +  .1?  Tkcsr.-' *bl^  f.o  r r ^  ^ pt ion rhi^ 

§*'  j*-  dV,  -  V  •  PWP„ 


c:  cent  cr  'vr-~r~en ce.’! 


r  it + r  • 'v  k  -  ° 

the  equations  aheve,  it  necessarily  fo1'owr  th~t 

|£-+v.^v-|£.  +  (.vv  +  v.v(,-0  C<.23) 

Ir  wttHe,  «»rr.«»l.  no-,  «,M,,  density  is  .  r„cii-n  of  tine  and  coordinates, 

P”  -  *’  y’  ^  we  use  the  perfect  differential  method 

of  soluticn  on  the  basis  of  the  multi-variable  functions,  then. 


*-4 f  *  +  |e-*-+le-*  + 

o;  S*  dy 


(4.24) 
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If  one  takes  the  instant,  dt,  and  uses  it  to  divide  the  various  quantities  in  equation 
(/-.24),  because  of  the  fact  that 


therefore, 


dt 


II 

J* 

-i*  _w 

-it  ...  * 

9p  i£_ 

■  8p  Jy  + 

3p 

dt 

dt  dt 

dy  dt 

dr 

dt 

dfLy  4-  ®£. 

w 

dx 

9r  9? 

Vf.  is  the  cradier.t  of  the  numeric'!  field,  V  —  *u  4-  jv  +  k™* 


*  or. 


v  +  *+ *»>•■(*  -§*-  +  >  %  +  K  It) 


~  §£.u  &  |e.v  +  |£- 

9*  By  dt 


(4.25) 

;  according;  to 

(4-26) 


?y  cornering;  ecvuatior.  ( /' , ?5 )  2nd  equation  {£,26)  it  is  possible  to  obtain  t^e  following 

^*r>  frj."1  "t 

i£L  w  J*£L  +  V  •  Vp  (4.27) 

Jr  dr 

If  -ub?tit"ter  this  e' — •resrinr  into  equation  (/.,2j)  it  ie  possible  to  obtain  the 
continuity  equation  for  a  three-dimensional,  unstable,  coJT’pr^sgibl®  flow  field: 


.  v  -  d 

Jr 


(4.28) 


If  ve  rave  \ise  of  the  di vergence,  *  VpV  *  of  equation  ( 4 *  ^ 7 ) ,  then  another  forr. 

r*  rr  ~  iv  \  T *  pr  "t  f  rp.  i  p 

dp  +  v  Y  ^  3gL  +  9(pu)  +  9(pv)  +  300  _  „  ,9-; 

9r  9r  3*  3>  3~ 

In  the  case  of  an  incompressible  ,  stable  flow  field,  (9p/9r)  •—  0  ,  arc 

th"  divergence,  vV  —  0 ,  (4.2°) 

3ec  5  Momentum  Fquaticns  of  Flow  Fields 

If  ve  use  equations  (4.18)  and  (4.19)  from  ?.  preceding1  section,  and  take  5  to 
be  equal  to  pV, 

then, 

—the  momentum  diffused  °ach  second  from  the  control  surface,  S, 


-  |5  pV(V  •  n)JS  [NJ 


—within  the  control  body,  V  ,  the  rate  of  transformation  of  momentum 

6 


■ner  second 


-jf'fX&ldV,  IN] 

—the  total  outside  force  exerted  on  the  control  body 

F  -  <f  ‘  ^p-dV,  +  pVCV  *  n)iS  [N],  CH.30) 

Equation  (4.30)  is  the  total  outside  force  exerted  on  the  control  body  =  the  total 
rate  of  transformation  cf  momentum  of  the  control  body, 
fri'-'-'o  •Pcrc=p  car  bc  i'vico-5  into  tv  frees 

("•)  ■f’orcc",  ~vx  x  - r  f~  —y,  it  's  rr.'y  r  qv,.->-’»  is  macs  in. —  exx-r- 

nal  forces  can  be  felt,  Fcr  example,  gravity,  ^  ,  c-ftri^u gal  force, 


mrti> 


m  o  jw 


tia,  «•  .  ?s  well  as  electromagnetic  forces,  etc.  If  micro-masses  of  fluids  have 

no  “v.rr.i.  j  •  rtior.  arcur.d  a  cocr’inate  axis,  i,e,  »  —  0;  the-.,  tb.e~e  in  r.c  centri¬ 
fugal  force. 

The  force  of  gr~vi ty  exerted  on  the  centre  1  body,  V^=  (jT'  PtiV.  IN],  ,  0-30 

(2)  Surface  Forces.  These  forces  include  external  pulls  and  pressures  on  the 
control,  surface,  5,  as  well  as  shear  forces  which  rub  alcng  the  surface  or  friction. 
Assume  that  each  square  meter  of  gas  has  exerted  an  it  a  surface  force  =  E  (E/nT  J, 

The  surface  forces  exerted  cn  the  control  body,  Vg=  Av‘  Rgy,  IN]  0.32) 

F  =  pgdV,  +  <p  RdV,  -  (p  ppl  dV, 


Because  of  this 


4-  pV (V  •  ii)dS 

Accord  to  gallon  (4.16)  ^  PV(V  •  .)« -  f ' V(,V  ■  VVr, 

-  <p  tpVCvV)  +  c Vv)pVUv„ 

’■'her.  equation  (4.34/  is  substituted  into  equation  (4.33)  it  becomes 


V.4.33) 

0.34) 


tf‘  [^§P-  +  pV CvV)  4-  (Vv)PV  -Pg-R  ]dV,  C4.35) 


If  it  is  necessary  for  the  integral  to  be  equal  to  0,  then,  it  is  necessary  for  the 
integrated  function  to  be  equal  to  0;  therefore, 

+  pV(vV)  +  (Vv)pV  -pg+R  (N/m’l  (4.36) 
Referring  to  equation  (4.27),  if  we  take  (PV)  to  soand  in  place  of  P;  then, 

0-37) 


HeYI  _  QZeYl  +  (W)Pv 

it  dt 


However, 


rf(pV)  _  40_  +  y 


(4.38) 
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If  we  take  the  relationship  between  equations  (4.37)  and  (4.38)*  and  substitute  it 
into  equation  (4.38)*  then* 

p  +  v[-^  +  P(vV)l -eg  +  R  (4.39) 

dt  ti/  J 

According  to  the  continuity  equation  of  equation  (4*28)*  in  the  equation  above*  the 
quantity  in  the  parentheses  should  be  equal  to  zero.  Therefore,  we  obtain  the  mass 


density  times  the  acceleration 


pg  +  R  [N/m5], 


(4.40) 


The  ■^e’'fert  irte-rr*!  cf  V  versu"*  *  is  the  ai 


ccf?  ~fz  :  on  v-?  r‘xc^’ 


a  =  +  (Vv)V 

dt  b; 


=  local  acceleration  +  shift  acoelei'stion. 


This  is  due  to  the  f_ct  that  the  speed  distribution  is  a  function  of  time  and  coordi 
nates,  V  =  V(/,  x,  y,  z )  ,  and*  if,  according  to  equation  (4.24)*  we  use 

the  perfect  differential  method  equation  (A,?6),  chen,  it  is  possible  tc  obtain  an 
equation  analogous  to  equation  (A, 27).  The’-efo^e*  equation  C)  cun  also  be  writ¬ 
ten  as  the  following  relationship. 

The  force  exerted  on  every  cubic  meter  of  the  control  body  = 

-pa-p-gUpCVtOV  ^ 

-  pg  .+  R  [N/m5]  J  (4.41) 

'••'hat  are  known  as  stable  flow  fields  ar  actually  flow  ficl4?  in  v.ioh  the  local 

-av  (wiv; 

acceleration,  rdt~'  ~  moreover,  the  "shift  acceleration*Jrisc?till  prener t. 

Otherwise*  the  micro-masses  of  gas  would  not  shift  ncsiticns,  and  there  would  be  no 


flow.  The  shift  ace 


.^ration  (y^y  _  0u  +  <,  +  *.)  ■  (i-|E.  +  j£L  +  *-g£) 


sv  av .  .av 

Sx  dy  dx 


-C4.42) 


If  one  takes  equation  (4.41 )  and  rewrites  it  as  three  compone*  ts  along  the  r,  y 

and  0  arses  (an  orthagona!  coordinate  Euler  equation): 

/  Su  .  fti  ,  .  flu ,,  Su  V_  .  p  . 

',\&-  +  "ar  +  ,F  1  . . 

"/  Sv  .  8v  &v  9v\  , .  L. 

p  \ST  +  u  87  +y’_d7  Sr)  “  +  K,  }(‘4.4l) 

/  9w  ,  Sw  .  .  <Sw, _ 8wV  .  ,  _  1  .  • 

'  lar  +  “ar+*^r+’ 8r)~w,  +  fi' J 

Sec  6  "Circular  Momentum"  and  "Vorticity"  of  Flow  Fields 


Chanter  2  talked  about  the  fact  that,  in  boundary  layers,  due  to  the  fact  that 
there  is  viscosity,  p  *  the  normal  line  y  of  a  given  point  along  the  wall  surface 


has  a  speed  distribution  u  =  f(y),  and  a  speed  distribution  gradient  of  (du/dy). 

Due  t:  this  fact,  in  the  areas  between  the  layers  of  a  laminar  flow  there  are  viscous 
shear  forces  r  **  i“C3u/9>,)[N/ln,]  # 

If,  at  a  place  of  adhesion  to  the  wall  ( Su/ 9y) ,  =  0,  r  =  0;  then,  the  flow  layer 
will  adhere  to  the  wall  because  the  force  acting  to  blast  it  off  the  wall  is  inadequate, 


and  it.  cannot  flow  forward  any  more,  so  it  will  separate.  Down  stream  from  the  point 

of  separation,  s,  gases  flow  upstream  against  the  current  in  order  to  fill  in  the 

recuur  cr*  t^d  v^*  the  .flow  layer  r  — >ur~  tier ;  they,  the"-,  roll  ur  or  them”'l"»s  sv’ 

nee ere  c'die'-  (Fig  ("))•  £  l<v  concerning  boundary*  lrye-r.,  after  those  layers 

ere  cur  ■‘■-or  ar  obstacle,  sudden  sepa-”'tion  occurs  along  the  edge  angles,  and  this  also 

produces  senar-'tion  eddies  (Fig  /. 2  (h)).  If  we  take  two  layers  of  air  flow,  going 

ir.  1  .?•  s?r-e  direction,  and  c:l!  then  and  u^»  and  we  further  rt inula. te  ■‘■hat  their 

s?r ed-  r.r«  not  the  sane;  then,  under  these  conditions,  if  y.  ■■  s  0,  then,  the-  f? c*.; 

alcrg  the  horn  dor;/  bet  ween  them  is  smooth;  however,  if  m  ^  C,  then,  they  •mill 

> 

again  at  each  other,  orrehanging  nonentuir.  and  producing  tidy  layers  (fig  4.1  (c )). 

Dhese  eddies  are  micro-masses  of  gas  which  are  rotating  at  high  speed,  giving  them 
an  angular  velocity  vector,  ea  ,  Because  this  vector  oan  be  resolved  into  three 
component  vectors,  one  for  each  of  the  coordinate  axses,  it  is  possible  to  vrrite 
the  following:  a,==  *“•  +  /“>,  + ^cor  ,  According  to  the  right  hand  spiral 

convention,  the  direction  tower:  •••hi oh  the  threads  cf  -ndrul  r.cve  r.-.o  a  -oritive 
sign.  This  is  the  same  as  the  directional  rule  for  the  cross  product  of  t_,c  vectors, 
imagine  that  ?.  turning  vortical  mass  is  projected  onto  the  r-y  plane  in  Fig  •  .'  ;  ir. 
such  a  case,  the  separation  area,  (e),  the  wake  area,  (b),  and  the  vortical  flow 
layer,  (c),  are  all  vortical  flow  fields  and  all  have  spiral  flows  around  the  axis, 
z.  The  diameter  of  the  ring  flow  path  of  the  micro-masses  of  gas  is  the  length  of 
the  circumference,  2*r  the  area  of  the  ring  flow  is  AS  —  Along  the  path 

cf  xhe  "log  flow,  the  length  cf  the  dif ^e^ert la!  arc  d!  =  rd  0. 


f c-' mi: g  Vf  the  "ring  v^-tcr”,  T ,  around  the  re-'  rr  '  axis  io 
V  *  which  is  equ**l  tc  the  linear  int^gr-l  cf  the  closed 

by  the  dot  product  of  the  arc  'ifferer tie.l  and  the  shear  line  sneed. 


f 


equal  t : 

curve ,  L  defined 
To  rrovide  an 


exarrle,  it  is  as  though  a  snail  J  on  hey  we^e  pulling  against  and  rubbing  against  his 

r> 

corral  and  every  second  he  rubbed  a  larger  end  larger  area  (m‘/s);  this  is  what  is 
r^rf  V-  a  ring  vector. 


r, 


Assuming  we  alr-'  -dy  know  the  angular  velocity,  w,  ,  and  the  ring  flow  radius, 
then,  V  =  r  «*,  , 

Due  to  this  fact,  the  ring  vector 
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1 ,  Spiral r 
tier  m  Cv* 
Separsrio’- 


Formed  by  Viscous  Flov:  Genar' tior  2,  ’  all  Surface  3«  Feint  of  Sspars— 
'S.T' t L'"’  Ar~'  S.  Cbrtacie  n,  Fail  T’lcv:  cr  1  'abe  Area  7,  Boundary  layer 
orr~  Spiral  ^bov  3.  F.efrnctior.  Angle  Separation  Spirals  ®«  Vortical 


Ieyer  10,  ~uddcr  Chan  yes  in  Flew  '’pe^f  FirJr;  rutim  Cause  Vortical  layers 


r-^  V * (4. 42) 

“  2  *r3a),  {in1/*]. 


'fhe  vorticity  cf  tie  r-y  flov  ficl: 


*  —  F  _  2xr2w,  „  , 

*'  5i®iTZS — .<«•«> 


Fig  4,3  (a)  shows  a  spiral  turning  around  the  axis,  z,  as  though  it  were  a  "scl 
id”,  with  the  angular  velocity,  no,.  If  cne  assumes  the  F  (x,y)  is  a  fixed  point 
selected  on  the  sur";  ce  of  V  ''_o'id”j  then*  fro."  the  b-’o  similar  triangles  svey* 
out  by  the  lines  in  Fig  4,3  (h),  it  is  possible  tc  see  that  ▼’  -v‘-rm,^X‘y-Tt, 
Therefore, 


T 

X 


Due  to  this  fact 


u  =  —yu. 


-  ~ ^  rut 

y  r 


The  partial  derivative: 


w  ■=  0 


—  (  U>M  +  M.)  —  «, 
2 


(4.44) 


U  Jt. 

2\dx 


If  equation  (4,44)  were  written  as  a  sentence,  it  would  say,  “  The  vorticity  of  the 
flow  field,  xy,  '  ,  is  equal  to  twice  the  angular  velocity  of  rotation  around  axis 

b»  i.s,  2  The  magiitude  of  the  vorticity  is  nothing  more  then  the  speed  cf 

"otrtior  of  the  vertical  masses. 

lene-xliring  this  d®  a  three-dimensional  vortical  flow  field.  If  one  supposes 
the  r  =  a  "radial  vector"  put  out  hy  a  point  source,  0.  If  the  length  of  does 
rot  change  an*  only  the  directional  angle,  e  ,  (longitudinal)  and  the  declination 
angle,  <*',  (latitudinal)  change,  then,  the  end  point  of  the  "redial  vectc.-",  ?, 

+r~e®s  out,  in  space,  a.  spherical  surface.  If  the  length  of  *‘ar  veil  as  its  dire¬ 
ction  ooth  change,  then,  point,  I,  traces  out,  in  space,  a  curved  surface,  S  (Pig 

take  a  cross  section  of  the  curved  surface,  S,  and  generate  the  closed 
curve,  L.  The  projection  cf  the  flow  speed  vector,  V,  a  certain  point,  I,  or.  L  , 
as  it  is  projected  against,  a  tangent  to  point,  P,  is  V  •  it.  /.+  tnir  point  ;4r«4l/ 
and  is  the  difzerertr r  1  a  ~ p  ph.o  cC  cr— ve,  1*  **  ““V, 

*  the  vector  difference  cf  the  end  points  of  th®  two  "radial  vectors"  or  the  tangent 
L,  In  conjunction  with  this,  the  ring  vector,  V,  around  the  central  c:;io,  0  A  is 
governed  hy  +h«  following  expressions: 

r  —  j^V'dr-^V- Jl  [mVs]  (4.45) 

Concerning  the  differential  area,;  A  S,  which  is  cut  out  of  the  curved  surface,  S,  a 
is  the  unit  vector  of  the  outward  normal  line  of  A  S  and  forms  the  angle,  «  ,  with 
0  A.  %•  the  same  token,  the  vorticity  of  a  three-dimensional  vortical  flow  field  =' 
the  amount  of  ring  vectors  nut  out  hy  each  unit  of  curved  surface 


■eurlV  «=  {  «=  V  XV- 


Jim  1 

*1-9 


4hen  IAS  — *  dS, 


(4.46) 


<j>(V  x  V)  •  n d5  -  j)LV  •  dr  -  r  (4.47) 

The  equatiOT^ihove  takes  the  linear  integral  along  The  pa  th  o  f  ring_fl6w,  I,  and  turns 
it  into  the  duplex  integral  of  the  vorticity  (v  x  V)  projected  an  «  along  the  cur¬ 
ved  surface,  S.  3h  fluid  dynamics,  this  is  called  Stokes  Law.  The  "vorticity"  of 
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f£  4  .4  =7C«taKK 

1  •  Verticity  of  a  Three-Dimensional  Flov  Field 


V  i?  -the  cros;-  product  cf  tv.'o  vectors  V  and  V  ;  therefore*  it  is  still  a  vector, 
A --y  lying  formula  (4. 10) 

x  «,  +>■  +  «.)  -  <(fy-  |r)v , ; 

,  •  / _9u  •  dw\  ,  , .  /  0v  du  V 

^  v3*  J  ■  Vdbr  9y  1-vr^ffv  ■'< 

—  2C««*  +  iw,  +  A«»»)  *“  2*»  •  (4.48) 


For  the  sahe  of  e^se  of  rmcriraticr  these  ■"elation shirs  cor  he  rei'riTT.er.  as  the  f  cl¬ 
icking  algeb-aic  matrix 


«ulV— vxV* 


i  -i  *  ^ 

JL  JL  'A 

Ox  '9y  0* 

u  '  •»  •  w 


1^7“  t3".  i 


(4.49) 


Chapter  Two  telhod  about  the  fact  that  the  flow  speed  vector,  V,  i?  the  gradient 
,  of  the  "velocity  value",  ..♦(equation  4.4).  According  to  equation  (i,17)»  it 
is  possible  to  write  the  "divergence"  of  V  as  *  V "»♦  ,  and  the 

gradient  cf  divergence  —  V  *  jii,. 


div  •  grad  4> 


—  V-,  V$>  —  V3d> 


*  >  (4.50) 


Tee  "•’■ight-side-up"  triangle 


and  is  nailed  the  orthagonal  coordinate  laplacian  computational  symbol.  If  one  is 
solving  for  the  "vorticity"  of  the  gradient  of  4>- ,  V<f>‘  •,  then,  because  of  the  feet 
that  the  square  of  this  vector  times  itself,  *v  X  V  =  0;  therefore, 

curl  grad  <#>  =  V  X  V4>  =  — -  +  i  ~  +  K 

X  (i$±  +  jOt  +  =  0  (4.5  0 

V  dx  dy  .  dz  / 

‘>e  meaning  of  this  is  that,  if  a  flow  field  has  a  velocity  value,  *',  (  in  which 
case,  it  is  railed  a  "value  flow  field"  for  short^  then,  its  "vorticity"  =  0. 
According  to  equations  (4.4- )  and  (4.48),  this  ecuater  tc  th*  idea  that  no  -  c. 

—cat  is  tc  nay  that,  except  for  an  isolated,  special  pcirn,  within  the  flow  field, 
tr.ere  are  no  spiral  narcos  of  eas  which  have  the  fore  of  a  turning  solid.  When  com- 
"ar°d  to  “iy  this  simply  morns  that  there  is  nc  viscosity,  ft.  Therefore,  vhrt 

is  meant  by  "nen-viseous  flow",  "non -vert 5 cal  flow",  "positional  flow",  and  "iscn- 
thropic  flow"  is  all  the  same  thing,  that  is  to  say,  they  all  mean  that,  within  the 
flow  there  is  no  viscous  friction,  there  are  no  shear  forces,  r,  which  is  to  say 
that  there  is  no  loss  of  power  due  to  vo~tical  turbulence  flow  with  the  resulting 
cen-.’rrre-r.  of  ~"ch  rower  losses  into  "heat  of  friction,”  Because  of  this  fact,  if 
ore  does  not  include  boundary  layer  separation  areas,  areas  of  wake  behind  obstacles, 
*rd  vortic  1  flov  layers,  then,  it  is  possible  to  say  that  the  "main  flow  area  is 
a  flov  field  with  nc  relation  vlaue  to  it.  However,  attention  should  be  pair  tc  the 
fact  that  "spirals"  or  "vortices"  can  develop  and  expandf  ahey  can  enlarge,  break 
up  and  decay  into  turbulence  flow  which  can  disrupt  the  "main  flow  field."  In  a  com¬ 
bustion  chamber,  in  order  to  mark  out  such  a  "positional  flow  field",  it  is  neces- 
sarf  "tc  assume  that  certain  conditions  are  present. 

Hoc  7  "Reformation  Hate  Tensors"  and  "Matrices" 


If  one  chooses  a  zero  point  which  does  not  move,  then,  in  a  three-dimer,  si -nal 
flow  fields  V  =  «V+jv  +  4w;  •  the  radial  vector 

r  “IX  +  iy  +  **, r  •  i  “  X,  r  •  y  “  y, r  •  4  -  (*.52) 

Assume  that  the  velocity'  vector  for  the  origin  point,  0,  is  a  q.  the  vel¬ 
ocity'  actors  around  the  zero  point  (in  its  vicinity')  -V  ;  if  we  expand  V  accord- 


SS 


ing  to  the  Taylor  series*  all  that  is  left  is  a  first  degree  vector  derivative*  and* 
in  this  case,, 

V  — 0  +  r-*  vV— jT'D  (Take  careful  note  cf  the  fact  that  is 

not  the  divergence  •V)  (4.53; 


"Deformation  tensors" 


D-w-rfJJU + 

dx  dy  '  d» 


0.54) 


c  r.''rr.'bcz*s  ?.  Lt:  a  ir* si ori 2.1  coc7*i.in2f  si  sir 

define  a  vector,  r  *  in  that  way;  the  nine  numbers  hesitating  thre°  vectors  def¬ 
ine  a  "tensor",  D|  equation  (Z.,54)  is  a  combination  of  three  vectors.  The  con- 
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renews  the  -.vt  r~*.  -ah'^;  doriv-  t’vop  iv  order  in  a  matrix*  then,  one 

obtains  the 


"Deformation  Rate  liatrix" 


du  dv  dw^ 
dx  dx  dx 
du  .  d\  dw 
dy  dy  dy 
da  dy  dw 
l.  dz  dz  ~dz ) 


<4.56) 


Dec  8 


D  ■*V'£ 


d  Value"  ♦  d  "H -v  lunct. . 


(l)  Concerning  the  speed  value,  ^’*  if  one  is  speaking  cf  a  flow  field  that  has 


0;  v  X  v  =  0: 


then. 
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As  far  as  flow  fields  are  concerned  which  have  no  rotational  value  to  them*  the  speed 
value  function,  ^  ^  (x  y  g  t-y  ,  when  solved  for  the  perfect  differential 

dt-t+dx  +&dy  +  ^dz  (4.58) 

Ox  dy  8x  dt 

According  to  equation  (4.4)  from  Sec  2,  the  gradient  of  ^ 

grad  «■  V<#>  —  V  —  ,  ^  +  :  §±  +  j.  d<t> 
dx  dy  *  dz 
**  *u  +  /v  4- 

This  <'h»ds  ‘’ight  or  c  qua  tv  or  (  *  .58)  and  )<~ad~  to  the  co^cluri^r  that 


|^-u,  M.v>  a^ttw. 

a*  a*  *  dx  ’ 


(4.59) 


: table  flow  field 


a<t>  - 

—  —  0,  tnuS^  a<ij.  +v<|y  -f  (4.ct) 


. "  "rsrt  th£+  the  aistriouticr  »_/(,,  y,,),  v  =  /(*,y,*), 

w  =  /(x,y,  r)  ;  therefore,  it  fellows  that  eqtiation  (i.6o)  is  the  perfect  dif- 
~o-  -  1  :  r  or--  ss  ”  lu»,  ’d>,  and  it  is  possible  to  get  ♦  by  integration.  Or,  tc 

:  ;*  c'i.cr  around,  it  is  only  necessary  to  know  the  speed  value,  ♦,  and  it 

...  .  r.-i‘  *  t  rough  differentiation,  to  solve  for  the  three  component  vectors 
v,  -  - 1  ■‘-rv.r,  to  s-^vp  rcr  t'-r  ••'•'ole  velocity  fir'd,  because 

thin  :  r  true,  ''low  fields  viiich  have  no  rotational  value  to  ther.  ere  en  tirely  si’sce- 
r  -  j  ‘  1  n~-,)yrf  p  id  •m":®'-  ;*  to  C'!ou‘aJ-e  tj-o-'r  sneed  dis- 


(l '  ~h ow  Fun c.  ion 

S-c  1  to  1  hod  about  the  fact  that,  with  aerially  synnet~ical  flo”  fields,  it.  is 
possible  tc  represent  them  as  tvo-dinersi -mal  flow  fields  either  or  a  meridian  plane 
of  on  a  pl®ne  of  revolution.  The  continuity  equation  for  a  stable,  compressible, 
-.’0-'  o-->al,  plane  flow  field  is  as  follows,  a  'cording  to  equation 

+  or  £(£“2  «  _ 


.  — « — -  t* — — - ~  * 

#  8*_.  8y  9r  dy 

Using  an  isothermic  density,  p  ,  to  eliminate  various  quantities  from  the  equa-tions 
above 


1(3)— i p($- 


(461) 


=■  &/>  P  P  « 

'  S7  07”^U;  '  *"  constant 

d’4>  =  _8_  gv\  d*4>  =  0_  |  £u\ 

0ydx  dy  V  p*  /’  dxdy  dx  V*' 


(4.62) 


Consequently,  according:  to  equation  (4*61 ) 

d}4>  =  &4>  '  ‘  ' 

dydx  =  dxdy‘\ 


0-63)  , 


solving  for  the  perfect  differential  of  the  flow  fraction  sr<\fc(x,  y) 


d<l>  “ 

Sr  Oy 

:brt''+ving  equation  (i.£2)  into  equation  (4,64) 


0.60 


■'(-  7  ’)■'* +  (?■)* 


B^op.vise  the  ''orditians  of  equation  (4.63),  it  is  possible  to  integ~?te  equation 

;4#C^)  nr.~  obtain  the  fraction  .  If  *</>■=  a  constant  <6*,,,  . ,..«  then,  .  .  id>  *s  C 


Thu.?  also  leeds  tc 


(-?  *)*  +(4  »)^-«. 


—v  </*  +  u’4y  —  0;  " 


(4.56) 


Equation  (4.66)  is  called  a  "fla:  line  equaii  r.";  ’-’ith  thir  ^q ■•c*i“.v  .  iJ  is  pos¬ 
sible  to  draw  out,  an  the  x~y  plane,  the  flov?  line  '<61  »  <6^,  . ;  therefore, 

'4»  is  caller  the  flow  fraction.  Obviously,  the  direction,  v/u,  of  the  spe^d  vector, 
V  ~*tu  +  tv,  is  precisely  the  direction,  (dy/dx),  of  a  tangent  to  a  c-rtair.  point,  P, 
on  the  flovr  line;  this  is  precisely  the  definition  of  a  flow  line.  Fig  L% 5  draws 
out  a  flov.’  line  spectrum  of  a  two-dimensional,  plane  flow  field.  Assume  that  a  pei*- 
pendieular  to  the  surface  of  the  Fig  has  a  thickness  =  h.  Then,  choose  an  interval 

'SI  ‘17  • 

distance,  dr;,  between  two  flow  lines,  f  and  dV  •  If  one  does  these  things,  then, 
the  flow  amount  passing  through  the  cross  section,  hds,  =  dG.  The  projection  of  ds 
or.  the  y  axis  =  dy,  and  the  projection  of  ds  on  the  x  axis  is  -dx.  From  Fig  4.5 
one  can  see  that  the  microflow  JG  —  ‘(^-67) 

According  to  equation  (4.65), 

— pv  dx  +  fmdy  —  p*d<p,  therefore_  ^  “  kpnd4>  (4.68) 

The  amorat  of  flow  between  the  two  flov?  lines  d>\  and 

AG  —  G,  —  G,  ■»  kp*  j®  d<]>  kp\tf>  1  —  <61)  (Wg/*  1  > 

(4.69) 

The  flow  fraction  *<6»;  which  corresponds  to  the  flow  line  which  matches  the 
solid  surface  of  the  wall  is  equal  to  0.  Because  of  this  fact,  a  certain  flow  line 


'<]>  represents  the  amount  of  flow  in  the  interval  "between  the  given  flow  line  and  the 
surface  of  the  wall,  &  (kg/s), 

’••'hen  generalising  the  flow  function,  it  i6  "by  no  means  necessary'  to  assume 
that  there  is  no  rotational  value  attached  to  the  flow  field  "being  considered,  There¬ 
fore,  the  function  "d>'  can  also  "be  used  in  conjunction  with  flow  fields  which  have 
rotational  values.  However,  because  this  is  "based  on  a  two-dimensional  continuity 
equation,  i*  is  limited  r  its  use  only  tc  two-diners4  onal  flow  fields.  The  con- 
ti'nv.i4^;  equ8*4  o'*  for  an.  incompressible,  two— dir-er-ri -r.^l  flew  field  is 


Comnaring  equation  (/ . 5° )i  it  is  possible  to  see  that 

a<j>  _  dj>  =  v  (4.7i) 

fix  fiy'  dy  fix 

The  gradient  for  the  speed  value  is 


dx  dy 

The  gradient  for  the  flow  fraction  is  * 


grad  4>  ■*  (*  ~  +  ; d>  — «  +  j ^  —  III  4-  jv 

V  OX  Ov  /  Ox  oy 


(4.72) 


gndtfi  -  +  j  A')  J>  -  i§±  +  :&t 

\  fix  fiy^  fix  +  * 


fix  fiy 


+  (4.73) 

Concerning  the  scalar  product  of  the  gradients  of  4>  and  $ ,  according  to  equation 
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I 


if  this  is  so, 


/.  ..  .  .  II  -  jj  —  1,  IJ“  JimmQ. 

(4.6 )  the  matrix  .  •  •  • 

then*  &nd4>  *  grad/'  “  (iu  4-  ;v)  •  (/u  —  iv)  —  "iju*—  *iuv  4-  /juv  —  f/V  —  0; 

therefore,  grad  and  grad  4>  -  a  orth  - '■anal  gradients,  that  ip  tc  say,  the 

equipotential  lines  defined  by*£-  =  i^^****  and  the  flow  lines  m  ^’■g*** 

are  families  of  curves  which  meet  each  other  at  right  angles,  and  each  four  inter¬ 
section  points  form  a  square. 


i 


Sec  5  "Point  Sources"  ar.d  "Point  Sinks" 

Let  xts  assume  that  we  have  a  speed  value  function  ^  r  ™  (.**  +■  y*  4-  r*)^ 

=  the  length  of  the  "radial  vectors"  (4.74).  b  =  a  constant.  Ucui potential  sur¬ 
face,  *  =  +  1f  ds,  ...i  that  is  to  say  that  is  equal  to  the  length  of  the  "rails  1 
vectors  r  =  r„,  r,,. ...which  describe  concentric  spherical  surfaces  with  their  centers 
and  origin  points  at  0. 

""he  emission  f lev  spr  -d  vector 

V-grad/,-*  (4.75) 

Or  r* 

and  this  is  perpendicular  to  the  eoui potential  surface,  (a.75)  The  amount  of  flow 
«m-ith®d  fro-  the  origin  point,  0,  is  C  —  4*r*Fp  —  —A*bp  Ikg/«] 

(06) 

“•'ueticr.  ('.76)  th®  rad -us,  r,  are  unrelated ;  therefore,  the  amount  of 
flow  "hi eh  proses  x h per. g-  “n^h  spherical  surface,  Gf  hns  the  same  v'lue  in  all  ee?r.s. 

If  the  eonsJ'srt,  h,  is  p^si titve,  then,  the  flow  lines  concentrate  themselves 
tower-’  the  center  of  the  rch^-er  and  leak  out  in  the  amount,  G  (kg/sy;  because  of 
this  feet,  th°  0  point  is  called  a  "point  sink."  For  example,  speaking  about,  the 
outer  ring  cavity,  the  small  holes  in  the  walls  of  flame  tubes  are  all  "point  sinks". 

If  the  copr+^nt,  b,  has  a  negative  sign,  then,  th®  flow  lines  are  emnitted 
ov.tv- "i  free  xhc  center  of  xhe  spheres  and  scatter®'  e*  the  note  of  G  (kg/r ),  There- 
fore,  th®  r  point,  in  this  instance,  is  called  a  "point  source".  For  example, 
the  vaporization  of  the  fuel  droplets  which  are  sprayed  out  by  centrifugal  or  strai¬ 
ght  jet  nozzles. 

These  concentric  sphereic-.l  surfaces  are  all  surfaces  defined  oy  equal  pres¬ 
sure  values  (Fig  4.4), 

If  one  is  dealing  with  a  "point  ~Sink"  then,  the  closer  one  comes  to  the  0 
point,  the  faster  the  flow  speed,  P,  is  going  to  be,  and  the  lower  the  pressure, 
f  t  is  going  to  be.  In  places  where  r  ■  0,  V -►00.  ,  This  is  actually  impossible. 
Therefore,  the  speed  value  function,'  4>  “  i/r  only  represents  a  flow  field  outside 
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very  small  spherical  surface  around  the  0  point. 


4.6 

Flow  Snactnur  of  a  "Point  Sink"/$'=  “  P.  Constant 


Chapter  5  Momentum  and  Potential  Energy  Equations  for  Viscous  Flow 


Sec  1  Liquid  Micro-globular  Surface  Tension 

Imagine  a  liquid  micro-rlobule  in  the  form  of  a  mbe  which  is  separate  and 
standing  independently  aw ay  from  a  vIbcous  flow  field!  (Fig  5,1)  Using  an  ortho¬ 
gonal  coordinate  system  in  x,  y,  and  z,  the  volume  of  the  liquid  micro-mass,  dV  = 
dxdydz,  Ch  ea  ch  of  the  six  surfaces  of  the  cube-shaped  micro  mass,  it  is  possible 
to  separ-te  cut  poritfvg  tensile  (r assure)  forces  which  act  on  each  face  from  three 
iif  ~c~er.i  directions;  these  are  .  it  is  rtossibl'e  tc  ident¬ 


ify  friction  shear  forces  which  act  from  six  directions  —these  are  T«» 

r«»  A,  .  Each  surface  receives  the  influence  of  one  pos¬ 

itive  tensile  force,  a'  .  and  tv.’c  sh'-ar  forces,  ‘r  ,  The  base  coordinate  of  these 
sh«r  forces,  f> ,  is  determined  as  follows:  the  first  of  the  base  coordinates  ind¬ 
icates  along  which  coordinate  axis  the  direction  of  the  force  lies;  the  second 
base  coordinate  tc  which  coordinate  axis  the  plane  of  operation  of  the  force  is 
perpendicular.  For  example,  ’  *,  indicates  that  this  force  runs  along  direction  y 
and  its  plane  of  operation  is  perpendicular  to  the  z  axis.  The  total  force's  which 
act  on  the  surface  of  the  liquid  micro-mass  along  the  direction  x 


4-  dx^dydz  4-  ( —o^)dydz  4-  ^  r,,  4.  -0.  4y^j 


X  dxdz  —  (r„)  dzdz  4-  ^r„  4-  ~^SM  dz'j  dxdy 

4-  ("O  dzdy-  ^  (5'° 

3y  the  same  token,  the  total  forces  which  act  on  the  surface  in  the  direction  y  are 


(5.2) 


,  -r  "  1  e 


hick  art  rT.  the  surface  in  direction  7  are 


(*Lu 

\«X 


*7 


—*)  *****  (5.B) 


This  can  be  written  as  the  three  component  forces  of  the  .surface  tension  R 
which  is  exerted  on  each  unit  of  volume 


.  OK 


8y  da 
d  _  .  ®5t  j. 

• TF  ~  a,  +;ar 


,4^ 

■ T.  >■ 


jNjm*]  (5.4) 


cocoa. 


the 


.*Zi 

®y  . 

■R  +  j*,  +  \RW1  (5.5) 

■  a-”'?  unit  vectors. 

■c  4-h?.t  the  cube-shaped  liquid  niero-mass  in  Fig  5*1  is  an  elastic  body 
-t'to;  i~  ir.ip  is  true,  „..en,  the  total  moment  cf  force  arcunc  any 
oris — y,  cr  o —  is  equal  tc  zero.  For  example,  the  moment  cf  force 
?  axis  is  equal  tc  zero,  and  it  is  possible  to  obtain 


Tyxdydzdx  =  r  Xydxdzdy, 


w  _  *  yr 


-mg 


(5.6) 
(5-7) 

same  principles,  it  is  possible  tc  obt?.in 

r„~m,  (5-8) 


e  ••  -'O-'- 


i~  t‘‘«  -i^e  fore®?  '’all  into  o’" Ip  sin  types  which  determine  the  three 

tiric  the  total  surface  forces,  R  , 
on  alp--  hr.  i~  matrix;  II  =  the 


*v- 


? 


R-r  v  •  n«=  v 


Tr* 

Om 


(5.9) 

j 


j  t?  tt-o  ■i"7’2.y  y  ■".y^cr  cni  "t  r  to r  z. "t  1  ct^  a  d.p  Pi 2 r*v*  0^  3.05*^ 

ma^r:' tudes;  therefore,  this  is  called  a  "symmetrical  matrix". 


3cc  2  The  Relationship  Between  Surface  Tension  and  the  Rate  of  Deformation 


:-.;r~-al  stresses,  and  the  she-or  forces,  cause  the  liquid  micro-maos 
tc  d<'fcm,  /in" erding  tc  the  conventions  of  elastic  dynamics,  the  pulling  and  con¬ 
tracting  forces  along  the  normal  line  of  the  surface  are  the  "tensile  stresses", <| 
the  ccmp-cr'-ior  forces  which  act  against  the  direction  of  the  normal  lines  is  the 
"cp— res  si  on  force",  that  is  tc  say,  the  pressure,  -p;  therefore,  Ar'~  “P*  Accord¬ 
ing  to  the  viscous  shear  force  formula  (4»l),  if  one  considers  only  the  shear  forces, 
r  ,  in  the  direction,  x,  then, 

r  -  +(dm/dj)  - («)L  t510) 

'*  *•  »  •  'w.i ■-  -1 
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Equation  (5.10)  explains  how  the  shear  forces, ,  and  the  “shear  force  defor¬ 
mation  rate”  or  "shear  force  change  rate"*  in  a  viscous  flew,  are  in  direct  propor¬ 
tion  to  each  other  and  that  the  coefficient  of  this  ratio  is  the  viscosity,  P  * 

(kg/m-  s). 

When  we  investigate  the  projection  of  the  cube-shaped  liquid  micro-mass  on  the 
x-y  plane(Fig  5.2  (b)  and  (c)),  we  discover  that  the  shear  forces,  t,  which  act  on 
four  of  the  faces  pinch  and  pull  the  cube  out  into  the  shape  of  a  rhombus.  Hie 
original  edge  angle,  x/2  ,  reduces  the  strain  angle,  +  r'0)»  tha.t  is  tc  say  that, 
per  second,  the  "ret-  o"  she -ring  strain"  is  ’&r/dt~  drjdt  +  dn/Qt. 

.  According  tc  efuatirr  (5.10),  sh^-r  force? 


(5.11) 

By  the  same  principle,  if  one  "Gee?  a  projection  of  the  cube— ebaoed  liquid  uicro- 
mass  and  divides  that  projection  so  that  it  is  projected  separ;te!y  onto  the  plane? 
zy  and  xs,  then,  it  is  possible  to  obtain 


t 


(?)  IUM, 
m  5.2 
Fig  5.2 

1.  Shear  Strain  Angle  2,  Two  Plane  Shear  %  Four  Plane  Shear 
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At  the  snmc  time  that  the  quadralateral  in  Pig  5»2  (h)  is  "being  deformed  by  shear 
forces, ' T  ,  into  the  shape  of  a  rhombus,  there  is  produced  along  a  diagonal  line 
a  tensile  stress,  <r  and  along  another  diagonal  line  another  tensile  stress,  cr.^* 
(-iS  5.3(a))*  ’’.'ithin  the  original  square,  if  one  connects  the  mid-points  of  the 
sides,  the  resulting  lines  mark  cut  contiguous  squares  (subdividing  lines).  This 
being  the  case,  then,  when  the  original  square  is  changed  into  the  shape  of  a 
rhombus,  these  interior  contiguous  squares  are  pushed  and  pulled  into  the  snape  cf 


~  *  —  •  >-  c*>''  ■  •  ^  ~  ~~  y*  Vr  "*  ~  ^  r"  "  ~-r  "  3.  **  "*  r  f 

(fig  5*3  ('")),  then,  according  to  the  equilibrium  cf  forces,  it  is  nos  ible  to  see 
that  if  the  force  ere — ted  on  the  slanted  side  is  not  tensile  stress,  a „  r  then,  it 

i 

is  certainly  compression  stress,  o n.  Assume  that  the  length  of  the  sice:-  of  the 
5=  3 j  *ty.€?  de^th  T'sz^r^ndd.ov.X^r  "to  f'hc  ° ctc.  of'  “hno  is 

tc  1,  the?*'  ♦  the  force  eouiliorfur  e^^tions  £.re 

2ar  an  ^  —  a. «/  2  <r,  >■»  0, 


"because 


«n—  «=  — =,  —  r 

4  V2 


<5.14) 


Concerning  the  cutting  out  of  triangles  along  another  (iiagcal  V;  the 

s-.no  g-inci-les,  it  is  possible  to  write  the  force  equilibr’u^  ®p>r •- 
that  at,  =  -  _  ;  due  to  this  fact,  «"i  —  Wj  —  2c  •  -  •  g  -<5.15) 

”ig  3.3  (c)  show?  the  square,  Aid,  changed  into  the  r:  cr.hus,  '• ’ ?• ',,T'  * ;  ' 
a ■■  £-r  A  i r  changed  from  *  /  2  tc  (  * / 2  —  T  )>  the  diagonal  lire  AC  is  stretc 

to  ~  e  length  AC’;  the  diagonal  line  ID  is  shortened  to  3'I";  moreover,  the  p"  ?nc 
a  -  cpl acemer1 1  di  stance,  SF1  =  i  51,  It  is  nossible  to  look  at  33’  as  being  a  tiny 
arc  length  around  point  A,  Because  cf  this  fact, 

BB'  »  EM'  ■*  AB  •  X  a.  Djy 
2  * 

E!'* F  is  an  isoccles  right  triangle?  therefore, 


MW 


eW  ab  r 


*J2  V2  2 


7  •*&  r\ O  AVo  "th.3*t 


~AM  -  —  - 


therefore,  the  diagonal  line  AC  has  a  "tensile  strain" 
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x 


1.  Surface  Tensions  o,T  and  Deformation  cf  the  Liquid  Micro-mass  Z,  Interior 
Squares  Chanced  to  Rectangles  3.  a  i  arid  T  in  Equilibrium  Stretching  and 

Shortening  of  a  ""'i  amoved 


CC"  _  MM'  _  r_ 
AC  ~AM  2 


<5.16) 


?v  the  use  cf  the  same  principles  it  is  possible  tc  prove  that  the  diagonal  HD 
has  a  "compressive  stmi-”  e:  =  —  r/2,  (5.17)  ♦  therefore,  the  difference  bet¬ 

ween  the  t^si^e  and  compressive  strains 

- 0-10 

Ir  one  t~d:°n  the  coordinate  avis  in  ?ig  5.3  (a)  and  rotates  it  45°in  a  counten- 
clochwisc  direction,  this  causes  x  and  y  to  respectively  converge  with  the  two  dia¬ 
gonals  of  the  original  square  (Fig  3.3  (b);  when  this  happens,  ■*  *»»  —  o,  . 
Going  according  to  equation  (5.15),  these  equalities  mean  that 

0\  —  01  “  0a  T~a*  —  (•«  «j) 

J'.?*-;  0-19) 

In  all  cases,  strain  on  a  micro-mass  is  only  present  due  to  fluid  motion 


no 

✓  / 


*1  “  1 — >  *2 ' 


therefore, 


=  =  (5.19) 

dt  dx  dt  oy 

’’her  +h°'5e  equalities  are  substituted  into  equation  (3.  19 )»  it  follows  thal 


/  0U  dv\ 
r.-ay  =  2^— 


Using  the  same  principles 


The  ev="?.~e  normal  stress  on  the  surface  of  a  liquid  macro -mass 

<r  =  J  (<t,  +  *;  +  <r.) - p  [N/ml],  (5.21) 

If  equations  (5.20)  and  (5.21 )  are  added  together,  then, 

-  _  f-  du  dv  9w] 

2.. -2. 

3cr,  =*  <ff,  +  <r,  +  <r*)  -  Ifi  +  ~~ 


I-iai :inr  use  c  f  equa tier.  ( 3  » ) 


,  0wl  ,  9u 

+  srl  +  6"8r 


•*  -  ->  -  7  <*1^+.^ + |r] 

By  the  use  of  the  same  piincirles,  it  is  possible  to  obtain  the  fol lowing 

2  [  do  ,  dv  .  dw]  dv  ■jts 

T'lsr + w»+-s'J  **-w  ?? 

2  [  5u  ,  0v  ,  ,  .  dw  ,.n 

*  f~  T'laT  57. +  5rJ  +-  2,‘  57  <5-2,) 


Sec  3  voner turn  Equations 

Ceroemipg  the  sir  equations  (3.HJ  to  (5*13)  and  (5.22)  to  (5»?4)j  one  can 

take  the  surface  tension  tensors  in  the  liquid  micro-mass  in  Fig  3.1,  that  is  to 

say,  the  nine  stresses  in  thp  symmetrical  matrix,  II,  ...»  t.  ...  and  connect 

them  up  with  the  nine  partial  flow  speed  derivatives,  Su/S*  ...  5u/3y,  which  come 

* 

from  the  stress  r-te  tenser,  VV  .  According  to  the  laws  of  matrices,  when  the  rows 


and  colurms  cf  a  matrix  are  interchanged,  then,  the  matrix  is  called  a  "transposed 
matrix*”  A  transposed  matrix  of  a  symmetrical  matrix  is  equal  to  the  original  mat¬ 
rix.  For  example,  the  strain  rate  matrices  that  follow 


du 

6v 

dw\ 

,  bu 

du 

du* 

dx 

dx 

ft 

ox  transpasen 

bx 

by 

d* 

du 

6v 

8w  matrix. 

dv 

dv 

dv 

dy 

Qy 

a7f :  is  Vv  - 

dx 

dz 

du 

dv 

dw 

dw 

dw 

dw 

Ur 

d* 

dx 

‘dx 

dy 

Qz 

f 

\  / 

9v,:'  *CV 

~  r.;  (O,  s^e 

per 

that 

r i  “  72  -  — , 


that  is  tc  say, 


du  _  dv  8v  __  dw  9w  _  du  . 

by  bx  *  8z  by  *  bx  b * 


'he'^<'ore,  equation  (5«05)  is  two  symmetrical  matrices,  ' vV  *“ (,.?() 

Looking  back  for  a  moment  to  Chapter  4,  Sec  4,  equations  (5. 22)  to  (5.24)  cor— 
•air  the  "divergence1'  of  speed  vectors,  V  , 


VV—  fiHS  4  —  —  (5.27) 

1.8*  '  *•  by  -bx  J 


Because  of  the  symmetrical  matrix  of  surface  tensions,  II,  it  is  possible  to  write 
+hc  vector  equation ' 

JI  —jj(vV  4-  W)  — f —  —  fxV  ■  V  (5.28) 

•  '  *4  ♦  ♦  •  3 

O' erring  tc  equations  <3,° )  and  (%?S) 

R  —  v  •  /xv  •  (W  +  Vv)  —  vy 

-i-MV(V-V)  (5.29) 


Bur  t ;  f-'e  /'oct  the' 

V’  i  ,  C’B  C  ^  wl  r  *■  *»  * ;  *  .'■*  ^_v 


--i-MV(V-V)  (5.29) 

I uV  •  (VV  -r  Vv)  -  pV  •  VV  4  •  V 

■;.e  equat ion  above,  it,  therefore,  fellow-  that 

R  -  - Vp  4  ^vl;v  *  V)  4-  *V*V  (5.30) 


If  ve  take  equatin’-  f'.JO)  and  substitute  it  into  the  momentum  equation  from  Chapter 
4,  Sen  5,  then  one  car  obtain 

f>  ~~pg  +  R  -  flr-t^A+'r  V) 

if  .  '  3 

+  mV*V  [N/m»]  (5.31) 

If  one  takes  the  equations  (5.11)  to  (5*^3)  and  (5.22)  to  (5.24)  and  directly  sub- 
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stitutes  the  stresses  from  these  equations  into  equation  (5*4 )»  then*  it  is  possible 
to  obtain  the  three  momentum  equations  that  follow: 


The  equation?  above  are  a  set  of  momentum  equations  which  pertain  to  a  viscous,  coro- 

p:v cable  fls;:  field  in  •-  orthoronal  coordinate  system;  in  fluid  dynamics,  this  is 

* 

c  lied  set  of  n -dimensional  equations,  All  these  equations  have  in  then  ?.  factor 
-  ?/?  m  =  ft  this  is  called  secondary*  viscosity  or  "volume  viscosity," 

The  pervert  differential  cf  this 


_d_ 

4t 


+ 


(5.33) 


Sec  4  Potential  Energy  Equations  for  Flow  Fields 

V  g  r'-- C'~*~  ‘  ’'**  ‘  '  "i  •'  • 

c 9  v  *- 

:  U  =  trr  irt^rr'-l 

energy  of  p~eh  unit  mass  (the  chemical  energy  contained  inside  it),  J  V«V  = 
the  kinetic  energy  for  each  unit  of  mass.  Besides  these  quantities,  on®  can  else 
tahe  I  tc  eqn°l  he1.*  ruch  rasa  momentum  and  energy  is  contained  in  each  ~ubie  T’>»ter; 
this  quantity*  is  also  called  "Generalised  density";  when  these  symbols  stand  for 
the  quantities  mentioned,  the  dispersion  amount  of  l  ,  which  is  put  out  every’  second 
from  the  control  surface,  S, 


e*  •  O '  • 1  *  “  7  T  1  •  '  "  '  •  % 

of  liquid  contains  tial  pn^rtz* 


tie  rcr.  “ 


£-(u  +  iv-v) 


wdy, 
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§  fV 


(5.34) 


The  rate  of  increase  per  second  of  £  within  the  control  body,  V 


-  (fv'  f*Ljv, 

-j 


(5.35) 


In  the  previous  chapter  this  method  has  already  been  used  to  obtain  the  conti¬ 
nuity  equation®  or. ~cmer.tvr  equations  for  a  thre®— dimer r* on al  flew  field,  it 
present,  if  we  t.-'*c  f,  =  T  p  ,  then,  within  the  control  body,  V  , 
the  energy  transformation  rate  =  Q(jpE),  jy  + 

>:  £(V  **V5  [--51]  (5.36) 

According  to  the  principle  of  the  conservation  of  energy,  energy  cannot  j*  st 

he  produced,  neither  con  it  be  destroyed  for  any  reason;  it  can  only  change  forr.i. 

Therefore,  the  r^te  of  tr'r.of ormation  of  energy;  within  th®  control  body,  f  ,  should 

be  e~ual  to  the  heat  energy  being  added  to  V  ev-ry  second  through  its  surf-c:  '*cv— 

tact  •*! th  the  environment  plus  the  power  absorb®-:',  by  V  eveyy  second  from  external 

s 

forces. 

Sec  0  o"  the  previous  chapter  introduced  the  idea  that  the  existence  of  a  temp¬ 
erature  gradient  rrodueer  a  heat  flow,  q  ,  (kcal/m*  s).  If  we  assume  that  §  s 
the  thermal  en.er  gy  dsn  si  ty  (kcal/m^),  then,  |V  *»  q  ,  If  we  substitute  this  irtc 
equation  (5# ”4)  and  plug  it  into  the  negative  heat  calculation,  then,  the  amount  rf 
thermal  energy  th»t  is  received  through  the  external  surfaces  every'  spcor.d  = 

dS  (5.37) 

The  transformation  of  coder tial  energy*  ner  second  -  j)r’  pgVJV,  (5.36) 

Tig  (5.4)  (a)  shove  the  cube-shaped  liquid  micro-mass  cbtdydr  =  dV  and  the  r.c> 

6 

mal  forces,  a  ,  as  well  as  the  shear  forces,  r.  which  act  upon  it  as  projected  an 

the  x— y  plane,  Tig  .  (b)  shows  the  shear*  force,  acting  on  the  mass  and  causing 


?•  disci axemen t  deformatico  -- te 


(du/dy)  dy. 


in  the  direction  of  the  shear; 


this  Fig  also  shows  a  normal  force,  which.  gives  rise  tc  a  linear  deformation  rate 
~r  (0u/d*Vx[m/*l  *  If  vo  taVe  one  cubic  meter  as  th®  basic  unit, 

then,  the  total  power,  V/,  which  is  exe'-’ted  every  second  against  the  licniid  micro- 
mass,  dVs,  by  external  forces  is  equal  tc  the  total  power  of  the  tensile  forces  per 
s  ®®c.nd  i 
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fa)  -RjEfi* 


00 

C  5.4 


•,ir:  ?  ce  -  en  sa  ~n  s 


»’ 


JjifTular  "^efcmr  tier.  and  linear  Deformation 
9u  ,  _  9v  ‘  '  fh> 


'•••■■■'  •  -  .  -/:-><5.39) 

If  ve  t?.3:e  tne  st~eeseo  from  equations  ('.11 )  to  ( 5»  1 3 )  (5*22)  to  (5»24), 


x 

to  obtain 


.  and  substitut-  then  in tn  equation  (5,3°),  then,  it  is  pos'itle 

called 

"disipatior 

W  =  — ' v  •  (/>V)  +  Q,  $ ♦function"  (5.40) 


<?- = [( ^y + ( + (i^yi  -  i.  ^cv .  v> 

i  dr/  v  6v  /  'dz/J  3 


dv 


dz 


+ "  (lr +  fO" + "  (fr +  Jr)’ 


'‘(f  +  JrH^l-  <«» 


He  tot' 7  power  exerted  by  surr  ec  tensions  against  the  control  body,  V  = 

(j)  ‘  WdV,  (5.42)  -  ov,  accor  inr  to  equntin  (5,^5),  one  can  write  out  the  energy 


e"v.ilihriur  e'-uaticn  for  the  co"trcl  body,  V  : 

s 


G>E)V  •  n^S 

-  — <£'  q  •  mtt  4-  pgVdV,  +  (£*'  WdV, 


(5.43) 


One  ought  now  to  use  Gauss's  theorem  to  transform  the  double  integral  along  the  sur¬ 
face,  S,  into  the  triple  integral  of  the  control  body,  V  , 


(j)'  ifiEyV  •  adS  -  V  •  G>E)VrfF„  (5.44) 
<j)'q-i tdS-^Fv'-qdV.,  AV7;  (5.45) 


After  equations  (5.44)  and  (5.45)  are  substituted  into  equation  (5*43)*  then,  the 
intecmt°d  functions  cn  the  two  sides  of  the  equal  signs  should  be  equal 


B(pE ) 
dt 


+  V  ;  (pE)V  -  V  •  (i^r)  +  pg  •  V 

-V*0>V)  +  4>  (5.46) 

Lm!  •  *  J 


Because  of  the  fact  that 


( PE )  ■»  p  —  +  E 
dt  dt  dt 

V  •  (pE)V  =  pV  •  VE  +  EV  •  t>  -f  pEV  •  V 


By  utilirinc  ^  “E(x,  *,  y.  s) 
font  o'"  their  ’■>erfe~t  diff 
(5.46)  can  be  written  as 


Elower'er,  in  the  final 
tion  fron  Chapter  4,  Sec 


E  “  E(/,  x,  y.  s)  and  p^pC*,  *,  y,  *)  in  the 

>rfe~t  differentials,  the  ri^ht  side  of  the  ecurl  sifji  ir.  equst:'r> 
•itten  as 

(If + v  ■ VE) + E  (if + v  * Vp) +  pEV  ’ v 

,  p  +  e  ie.  +  pEv  •  v  -  P ^ 

dt  dt  dt 

+  E  (—  +  pV  •  V  )  (5.47) 

analysis,  equation (5. 47)  is  nothing  but  th<--  continuity  =>-ue- 


(■£  +^vV)-0  (5.48) 


rhierefc"e,  th.*'  r:  pht  side  of  equation  (5.  '0 

2^1  +  v.(pB)V-p^, 
or  4* 

Fron!  the  definition  enthalpy 


(5.49) 


f-U+i.,  iL-i£  +  J_ ‘fc._2.dk 
P  dt  dt  P  dt  J  dt* 


-  -k  -  lie.  +  2  ie.  +  [2.  (,v .  v) 

*  *  p  dt  p*  dt  V  v 

v>] 

(.Area  in  curve  ■  no  increase  or  decrease 
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Still  employing  the  continuity  equation  (5»48)»  it  is  possible  to  know  that 


Therefore,  it  is  possible  to  obtain 


Because 


E^U  +  lV-V,  pf-pf  +  ^V-V) 

2  ir  it  \2  J 

(5.51) 


tc  fM-o  jninp* tv^ps  pcur  -ion  (~.50l  into  equation  (S»S"0  and  then  substitutes  the 
r\>  t  ’ 'it  4*'tc>  e-v.tior  (^,.'6),  'r'”ying  careful  attertio"  to  ^he  relationship, 

V  •  (,V)  -  /»v  •  V  +  V  •  v*>  ,  then , 


V  •  (,V)  -  /»v  •  V  +  V  •  vp  ,  then , 

4L-^e.  +  p^_(Xv-'v'j 

-  V  •  (wr)  +  -  Vv?  +  9  (5.52) 

A  r  for  as  the  relationship,  V  •  V  *■«  (*u  +  fv  +  ^w)  *  (,u  d*  7V  ■+  ^w)  ™  u2  +  ^  +  *** 
is  consumed,  by  using  an  ort ha renal  coordinate  system  to  analyse  equation  (5.^2), 
it  is  possible  to  obtain  the  enercy  equation  for  a  three  dimensional,  viscous,  eom- 
*'~«osible  flow  field: 


it 

p  - - 

-A.+ 

i-  -*_<y  -f  y*  +  W2) 

dt 

dt 

2 

fi/j 

9IU- 

ar 

u  JLfz 

Mi 

la*  V 

a*/ 

ay. 

) +  a*  V 

a*  iJ 

+  p  (“«. 

.  +  v*r  •+ 

-  Wf.) 

-< 

„ 

>  9r 

+  v'Sf- 

+  w|t’ 

Wtf 

(5. 

dy 

9  z 

/ 

in  the 

iisni 

.pa*. 

:icr.  cons 

ta-t  ( 

tc  say,  it  is  the  power  dissi  ated  by  friction  in  each  square  meter  of  liquid, 

fN  •  ml 

Lm» 

Sec  5  Coordinate'  Transformation  (Converted  from  Amount  of  Alteroticn) 

Thy  do  ve  use  vectors  and  tensors?  There  are  three  reasons: 

(1)  Conciseness  of  Form.  Complex  functions,  equations,  and  so  on,  need  only 
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one  equation  or  formula  in  which  they  can  all  be  summarized.’ 

(2)  Ease  of  calculation.  It  is  possible  with  vectors  and  tensors  to  employ 
vector  algebra,  vector  differentiation  and  matrix  calculations. 

(3J  Coordinate  flexibility.  Vectors  and  tensors  can,  according  to  require¬ 
ments,  be  transposed  into:  orthagonal  coordinates,  cylindrical  coordinates,  spher¬ 
ical  coordinates  or  other  curvilinear  coordinate  systems  in  order  to  deal  approp¬ 
riately  with  actual  structures  and  flow  fields.  The  large  majority  of  combustion 
chamV-r  structures  are  appropriate  for  cylindrical  coordinate  systems  or  axisym- 


•cArie  flow  fields. 


This  section  introduces  the  method  for  taking  orthagonal  coor¬ 


dinates  x,  y,  2  and  transforming  then  into  cylindrical  coordinates  r,  $,f  z. 


(,)r,  6,  *  cylindrical  coordinate  system 


<b)  r.  O'  plane 
*  J.5  r,  0,  ,  0 

Fig  5.5 


i,  r,  fi ,  z  Cylindrical  Coordinate  System  and  a  Croce  Section  Projection  in  the  Plane 
r,  6  ’  , 

Fig  (5.5)  (a)  shows  a  fan-shaped  control  body  iV,»drriBd*  generated 

at  an  isolated  interval  in  a  cylindrical  coodinate  system  r,  0  ,  z  in  a  three-  dimen¬ 
sional  flow  field.  This  can  also  represent  the  control  body  for  a  ring  shared  com- 
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« 

bust ion  chamber  or  an  analogous  fan- shaded  section  from  a  test  flow  field*  Imagine 
that  there  are  flov.’  lines  passing  through  Fig  (5,5)  (a)  at  the  points  and 
where  the  edge  angle  meets  the  slope  of  the  fan-shaped  control  body*  dV  .  Because 
of  the  ract  that  the  coordinate  positions  of  and  are  not  the  same*  the  mag¬ 
nitude  and  directions  of  the  speed  vectors  V  and  V.,  are  also  not  the  same,  There- 

21  dV 

fore,  even  if  one  is  dealing  with  a  stable  flow  field  so  that  ~  "* 0  ,  the 

local  velocities  aA  various  points  do  not  change;  when  the  liquid  micro-mass,  in 
ar  irterv'l  of  ti-w,  A  t,  flour  from  to  it  is  also  possible  to  have  "shift 
acceleration"  (  V  •  V')  V. 

If  one  defines  the  "n-it  vectors  for  the  radius,  r,  the  circumfe^ez-oe,  rfl  ,  and 
the  axis  z  as  e  ,  e  ,  s  ,  then,  according  to  Chapter  4»  Sec  3»  we  get 

T  8  X 

cosO®  *-  1 ,  t,  ’  e,  “  e«  *  *t  *,  ‘  *m  *■*  1 

’dot  product  of  parallel  vectors 

co*90°  “0,  t,  r  et  *■  e«  •  t,  ■*  «,  '  e,  ■»  0 
dot  product  of  perpendicular  vectors 

sin 0°  -  0,  X  *r  *=  X  *r«  X  «,  =  0  ' 

cross  product  of  parallel  vectors 

sin  90°  *  1,  ct  X  tQ  “  eg  X  1 ,  “=  ct  X  cr  3=1  1 
cross  product  of  perpendicular  vectors 

Therefore,  the  s-  ~~  v- store  in  a  cylindrical  coordinate  system 

V-crV,  +  eeVt+  etV,  (.5.^.) 

The  ac  -election  vector 

sv 

m  —  <*,  +  e,at  +  e* t.  -  ~  +  (V  •  V)V  (5.56) 

Ot 

Because  the  hcriscr.atal  cross  section,  r,  6  ,  is  perpendicular  to  the  z  axis,  chan 

geo  in  Vt#  and  V.,  do  not  influence V  #  Therefore,  it  io  possible  to  t  he  thf  f  n-thape5 

six-sided  body  and  project,  it  onto  the  cross  section  r,  8>  for  purposes  cf  e~alysirg 

the  "shift  acceler-ticm"  (V  •  V)V  from  point  to  point  (Fig  5*5  (b)). 

Take  the  radial  speed  distribution  of  point  N0’,  V*  ,  and  move  it  smoothly  to 

point  Kj ;  then,  make  a  comparison  of  the  magnitude  and  direction  of  this  vector  and 

V  ,  It  can  be  seen  that  the  transition  from  "*  to  V’  can  be  divided  into  two  steps: 
2?  r  c 

First,  there  is  a  change  in  direction  d<0>  v’ith  no  accompanying  change  in  mag¬ 
nitude;  the^e  is  an  increase  in  velocity  AV’/atv . 

later,  the  magnitude  cf  the  vector  dnvolved  does  change,  and  the  direction 
does  not  change;  there  is  also  an  increase  in  speed,  A  V*  ,  in  this  step, 

T 
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Using  the  same  idea,  take  the  circumferential  flow  speed  distribution,  for 
the  point  fL  and  move  it  evenly  to  point  at  this  point,  oompare  it  with  V*(# 

in  magnitude  and  direction.  If  one  does  this  it  can  be  seen  that  the  process  of 
change  from  VI#  to  can  also  be  divided  into  two  steps: 

First,  the  direction  of  d$'  changes  v.dthout  a  corresponding  change  in  magnitude; 
in  this  step  there  is  also  an  increase  in  velocity  —  AV'sBtVfdB  • 

Lr*er,  there  is  a  change  in  magnitude  vith  no  corresponding  change  in  dire^ticr. ; 
;r  ~h'~  '•ter,  tec,  xhcr^  is  an  increase  in  velocity,  A.V* 


A  V* 


At 


ig  \  }  "■  ),  cr.-'1  rr  se»  that  the  directions  c£*A  V*  ^  and  A. V'#'  are  the  same 

foVov'  the,  direction  of  the  shear  line;  however,  the  radial  directions,  r,  of 

A  V'j  are  opposite  to  each  ether.  V/hen  tends  toward  the  point  I-h ,  an 
— *  0,  then,  i+  is  roerible  to  solve  for  the  extreme  limit  and  obtain  the  radial 

tier  arr.elemiion  for  point  K, 

-  i 


Or 


At  At  J  it 


4Vr_V\ 
it  r  * 


(5-57) 


■f'e~  ~:.o  extreme  limit  et'T'vrs  the  circumferential  direction  of 

de 


..  AV'rf  .  AV 

Os  =  lull - 1 - 

ar-*«L  A  t  A  t 


l\„v  *L 

t  J  •  r  * 


'  ,  +  vA  ' 


(5.58) 


•.em  crr  'river  for  the  e-treme  limit  and  obtains  the  gyial  direction  of  accelerctic 

•»  -  e.  r 


<1 


iZi.:  ;  . 


<5.5S>) 


f*  '-•p  'r.hO^*V0l'* 


v-'otorc  of  velocity  are  all  functions  of  coordinate  and  time; 
solver-  fer  the  perfect  differentials,  that  is  to  say, 


V, 


V, 


*£*&**& 
+  r.%  +  r.9'’.  '  =, 


S« 


V*'*  •  . 


<5.60) 


(5.61> 
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V,  —  V,(r»  *t  Ot 


di  dt  dr 


,  ..  QV,  ,  v  dv.  ■ 

r00  d* 


„  takes  ^nations  (5.60)  to  (5.62)  and  substitutes  then  respectively  into 

I.  one  .*•*  •-  resettle  t=  oWain  the  three  directions  of 

p-us.-tiwis  C 5.v.i  to  unsri»  - 


afiesl«r?ticr.t 


r.^ial  r>ir°ctior 


.  „  ev,  rr 

«r  “*  ~7~~  +  — - t  V»  ^7 

9r  fO0 


(5.63) 


+  F,8!l_il  [Wfl 

dz  f 


f*r  >*«viJTvCAes*^»n't"T  3.1  ~i^_'*'c~'C  e*cr 


Axial  direction 


QVt  +  v  +  ve  ^4- 

a*~~dT+  '  dr  rdd 

+  V'W±+V£±  i mJV 

^  '  dz  r 


(5-64) 


„.Ha+F,^  +  U.^+U.fu  lo/,, 


Qt 


(5.65) 


..x  .  ( ~  n)  <„  centripetal  acceleration;  the  last  euar.Uty 

■_  ,e  r.V.lr,  is  there  *,<».«  of  the  feet  that  there  is  „**  *»«* 

^  e”-’— -  *'  v'#  r'  ^-oluces  vhat  is  C'ller'  Lc 

ar.i  -r'ial  motion  roinr  cn  at  t*e  saw-  tune,  ane  Jas  P'XJ-uc 

Shi  acceleration. 

loaldne  hack  on  th«  acceleration  vector 


a  m  dV  ±  (y  .  y^y  is  only  enc  formula. 


The  vector  a--  '-"erer.tial  cornutntional  symbol 


• -k 


(5.66) 


-  ,-tcr  (s,fh)  ...pia'us  the  feet  that  ,  if  one  uses  a  "unit  vector”,  then,  it  does 
;„t  any  differs  *t  coordinate  *yst»  «.  is  deadins  with,  *  is  adways 

appropriate  to  use. 


A 


The  computational  symbol  for  a  perfect  differential 


d 

dt 


ir  +  (V'^-t 


(r-k  +  ¥'-%e+v--k) 
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Local  acceleration 


0/  0* 


(5.68) 


CV.w-(r.£+v.£  +  r.±) 

OrV,  +  e»V#  (5.69) 

kncoT?ir>z  to  the  analys-'  s  in  Pip  . '  (h ) ,  and  e^  vary  with  changes  in  r  a 
0,  Therefore,  when  eye; ti or  (p.r^)  is  emended,  esie  need?  to  so?  e  V  t  fey#  as 
the  product  of  two  functions  in  crier  to  solve  for  the  r-—f<--rt  rlifferer.tif-l,  -f'-ft<- 
bein£  expanded  and  set  in  order  in  this  way,  it  can  he  ad-:ei  t*  equation  (-.£■?)  , 
in  this  way  one  con  obtain,  from  equations  (5, £3)  tc  (r.  y),  three  ilertic.al  forr-v 
for  component  vectors  of  accele'-.ticn. 

If  one  is  deal  inf  with  a  s  tablet  axially  symmetrical  ''I-.--  "i  i  -iJ'i. 


SV 

-r— ,*  V  f  then,  in  all  cases  vhe^e  r  and  z  on  the  meridian  rOane  a"o  tr.e  rare  ,  *  - 

at 

pas  flow  parameters  for  the  cc,''r'er'raridinf  "points  are  alec  the  sane,  thr-t  is  t:  .—  p 
that,  flcv  speed,  V,  nresrai"* ,  ,p,  f erpe'~ tur<- ,  T,  and  so  on,  also  all  v~ 
ip  6  end  are  merely  fitnot? of  r  end  z»  all  rartia)  differentials  of  ® 


"Tj'  '• ' -to 


-2 — 0 

.S00 

If  one  simplifies  th=  three  formulae  for  acceleration  in  this  stable,  axially  sym- 


vo~*tcr 


Circunf erer.tia]  vector 


t/  9Vr  ,  r  01% 

a._P,_  +  ..ir 


(5.70) 


Axial  vector 


V  xr  PVI  ^  KP* 

••  V'  +  V‘  ft  +  ■~Z_£ 

Or  O*  r 


.  aa  V  SKl.  4.  V  2Z* 
'  Vt  dr  +  K  dz 


(5.71) 


(5.72) 
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If  one  takes  the  important  equations  which  were  presented  in  the  previous  chap¬ 
ter  and  in  this  one  in  terms  of  an  orthagonal  coordinate  system  and  transforms  them 
into  a  cylindrical  coordinate  system*  then* 

(1)  Gradient 


_ ,  &4>  ,  8<f>  .  d<t> 

V*  -  —  +  »-£  +  <.  — 


•<f>  =  a  function  of  some  value 

(5.15) 


f  * 


?  )  ?iv*rr«".  ce 


v.v„l9(I_^  +  j_ar1  +  a^ 
r  dr  r  dd  3* 

...  dv,  ,  v,  i  l  dv,  )  3F, 


( "* )  Vert i  city 


3r 


r  00 


02 


(5.74) 


(4 )  Continuity  Equations  of  Compressible  Elov: 

.  i  ecpitgi  ,  3(oLti  -  o 
+  7  00  3= 


^)]  «■*>■ 


(5.76) 


or  ihi~  car.  be  writ  ten 


3p  ,  0(»O  +  (P^-I  +  -  0 

d!  dr  r  rdd  0: 


(5"6a) 

(q)  Employing  the  accelerations  from  equations  (%c-3)  to  (5.65)*  one  can  trans¬ 
fer  the  three  momentum  equations  of  viscous  flow  (5.55)  into  a.  cylindrical  coordinate 
system,  and ‘one  gets 


Hadiel  vector 


1  Pgr  ~ 

-*-[„( 2 

3r, 

■  i.  v  •  V 

dr 

dr  l  \ 

dr 

3 

+  1 

3_[„/. 

1  . 

dv *  . 

_iV\] 

r 

00  l  1 

7  3 0  + 

dr 

■r  JJ  : 

+  # 

L  +  ^ 

)]  +  2 

dr 

l  \  dr 

dr  > 

'J 

r/\  dr 

__  J_ 
r 

0F»  _  1 
00 

^  iN/nr 

(5.77) 


Circumferential  vector 
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<“• "  «• _  ik + ‘  V)1 


/I  #Fr 

++V,  Ml 

\r  de 

+  *■  ^  JJ 

.Af  JWi  +  SZi 

dt  1  \  rdd  '  dt 


"  a»rVrd».T.  dtJl- 

+  _  ik)  tN/ffi*],  ;■;-•■•  t<5.78) 

dr  r  f  -  •  -  ^  • 


:ial  vector 


pa,  *=  pg. 


6p  + 

^(2 

dv,  _  t_ 

dz 

dz  1 

V- 

~  bz  .  3 

±  _0_ 

Lr( 

+  SLA! 

r  dr 

*  dz 

dr  /  J 

8  T. 

JJL 

dv, 

,  3  Ml 

rde  L 

\T 

de 

t  de  JJ 

(5.79) 


(:  )  In  considering  the  dissipation  function  tf>fj  involved  in  a  transfer 
c"l  in  dried  coor '.ir.ct^o,  if  one  consults  equations  (5.40)  and  (5*41 ): 


of  viocous  flcv  (S55)  a*! 3  t ror.fi 


’rrr  3 t 


tr  cr'lirv^ric*!!  cocr^. :‘n~ t*sf  then * 

01L-Al  +  £-A- 


p  *L  -  *Z.  +  L.  A-  (yi  +  vJe  +  Vi) 

dt  dt  2  dt 


(iin 

_  JL( 

*ini 

\lde) 

de  \ 

de  /J 

+  p  +  v,ge  +  v,g.)  -  (v,  j£ 


(i)  The  computational  symbol  for  the  second  decree  derived  fraction  of  a  vec¬ 
tor  A- V1  (also  called  LaPlace's  symbol)  is  utilized  with  cylindrical  coordinates 
v’ith  the  re 01’  1 1  that 


^  +  —  -iL  +  —  4-  (5  g?) 

dr*  +  r  dr  +  r’  9^  +  dr1  °,B2) 


If  us-’d  in  a  positional  fraction  (numerical  field)  (»■ *)  »  then 

<5,rt 

11’ 


If  used  in  a  vector  field,  for  example  V  fl,  *)  —  trV,  +  etVe+  <^g, 

then, 

&V  -  v*v  -  e,r*t%  +  e.vJt\  (5*41 

%•  the  utilisation  of  coordinate  transformations  and  changes  in  dependent  var¬ 
iables  as  weld  ar  by  the  use  of  non-dimensional  (dimensionless)  variables  and  other 
r’e;,”"'r'  of  this  type,  it  is  occasionally  possible  to  take  complex  flow  fields  and  the 
chan g°s  in  them  end  simplify  these  rules  and  exnress  them  in  a  cocci  p“ 
■  '  _  •  'j  --  -  c  -  ^  c  f  ^ ^  '  ~  Z,i.c'T'  *tc  C  T**?!.  "tV; 0  T;r'  i.  r*  r  j  ~  r~  _ 

"  "■•’**  *  r  -* - —  .***•  ’ ■-  ~  c2  * s*  't,ho\JTh  i'c^r^r  c f’  pnus.’tlops  i.~ 

rush  Tr»F  are  rirore5  from  heed  to  tail,  these  equations  still  follow  such  natujr  1 
P'ir..'i~l~r  no  the  ~  cn  o  e  ~  ~ r  cp  naso,  the  conservation  of  momentum  and  the  con- 


Chapter  6  Spirals  and  Bddy  Current  Apparatus 


Sec  1  Spiral  Phenomena 


Swimmers  and  boatmen  all  know  enough  to  stay  a wap  from  whirlpools;  they  know 
that  the  violent  spinning  flow  at  the  center  of  a  whirlpool  is  capable  of  trammeling 
up  a  man  or  a  boat  and  pulling  it  under.  Consider  the  whirlwind  that  scours  the  sur¬ 
face  of  the  land  and  grabs  up  dust  and  leaves  and  tak°s  then,  up  into  its  center,  Cn 


bh? 


c:  a 


rcr  is  s  similar  ■"hen oner  on. 


■  c^ 


- . - 

-  -  J  -  - 


into  a  vortex  of  polluted  v-ters,  -he  closer  one  goer  to  the  renter  of  thn  vertex, 
the  foster  does  the  v.~»ter  flow  "evolve,  Finally,  at  the  very  mouth  of  the  vertex, 


where  the  ws  ter  rc-';ccrdr»,  \  e? 


no: 


o  ">.■ 


:snter  and  nc  vr-te-  at  all,  r-.d 


center  makes  noise';  a "  ••  t  rucks  i*  air  as  water  flov/s  into  it. 

Cyclonic  furnaces  and  centrifugal  dust  eliminators  all  have  v/irhin  th«r  vertical 
air  flov/s.  Centrifug"!  jet  nocoles  all  supply  fuel  in  the  direction  cf  the  hole,  and 
in  tvo  conniption  chamber,  this  fuel  sets  up  in  a  vortex  and  is  sprayed  cut  in  the 
f'crm  cf'  a  hollow  erne  c"  spray.  Turbine  jet  6,  turbine  jet  7»  the  exhaust  of  eddy 


p5  r*-  "rt*'  - r*  '  -- 


the  intake '  mases  which  oa®*  ov*r  the  vanes  in  the  ccn- 


v"-''tior  "hamter  cf  a  turbine  jet  11  —all  of  these  have  similar  vortical  flow  fields, 
This  type  cf  vertex  is  dependent  on  changes  in  the  potential  energy  ••*if-ir  the  fluid 
(differences  in  noetic  "res-ure  or  differentials  cf  water  level")  fer  its  c r~  t i ; 
because  of  this  it  is  r  "  p  x<>r.tial  T ov  vortex,"  The  rotation  zr  "ct=rti"l 

flcvr  vortices,  noreover,  is  net  caused  by  torque  a-plied  from  outside.  If  one  i£jior<®~ 
losses  due  to  friction,  then,  for  different  radii,  the  moments  cf  momenta  cf  ricro- 
masses  of  liquid  should  be  co:.  served;  therefore,  this  situation  is  else  called  s"free 
vortex  or  spiral,”  The  special  characteristic  of  "free  vortices"  is  that  "although 
flow  lines  are  concentric  rings,  the  individual  micro-masses  of  liquid  do  net  in 
themselves  have  any  rov.V-nal  movement  to  ahem,"  It  is  possible,  vithir.  ah?  rrun‘. 
trough  of  water  involved  in  the  production  of  a  "potential  or  position.- 1  flow  field 
vortex",  to  place  a  small  wooden  stopper  far  from  the  center  of  the  vertex  and  tc 
draw  a  diameter  line  across  the  stopper.  The  floating  of  the  soft  wooden  stopper 
along  the  cireumference  ""presents  the  movement  cf  mi-ro-masses  cf  liquid;  however, 
the  -irecticn  cf  the  diameter  line  dorr  not  change,  that  is  tc  say,  the  reft  weed  or. 
stopper  possesses  the  general  ro^-tion  around  the  center  of  the  vortex,  but  it  does 
not  h=ve  ?  "o+rtion  cr  it"  own  around  its  own  central  axis;  this  is  called  "avortic-" 1 " 
circnnf e"ential  motion. 


’15 


Sec  2  Free  Spiels  (Positional  Spirals) 

If  one  d raws  two  concentric  circles  to  represent  two  flow  lines  of  a  "free  voi^ 
ter",  then,  let  their  separation  int°— val  s=  dr.  Choose  a  micro-mass  of  liquid  ABCP 
in  the  midst  of  the  flow  around  the  circumference  of  the  vortex  and  located  “between 
the  two  flow  lines  we  mentioned  earlier  (Fig  6,1  (a)).  On  the  radius,  r,  the  shear 
line  veloci4-;,-  =  Vt:  on  the  radius,  (r+  dr),  the  sh«ar  line  velocity,’  is 

r«  +  dVt  =  V'  +  ^LLdr. 

nr 

■  r  u' :  a  din-rei'cr,  s  =  1 ,  perpendicular  tc  the  surface  cf  the  f inure;  if  one  dee- 
this,  th an,  the  volume  cf  the  micro-mass  of  liquid  =  rdBdr  ,  the  mass  m  —  prd6dr 
'  -.i  the  moment  o'*  ■  -omen too  =  wtV.  ixtemally  added  torpuc,  I,  is  equal  „c  f  /.  rate 
o'  '•••acre  ov°r  tire  cf  tV*  moment  momentum  cf  the  micro-mass  cf  liquid  or  sere. 

Free  ’'orticer'  most  cer’  air  ly  have  no  externally  added  torque,  T;  therefore,  if  cc 
ignores  losses  from  friction,  then, 


7  *“»»-£-  (*V)  =  0,  or  rtfr  =  a  constant  K  (6.1) 

The  circumferential  velocity  of  a  fro,r  ''e-ten  (lie  rhr-3r  Vii*  or  tie"1  voice ''■‘7 

V»  forms  an  inverse  proportion  with  the  radius,  r,  that  r-  s-;  ,  •  •• 

comes  to  the  center  or  the  vortex,  the  faster  does  the  cir'-v-fe-e-  -  1  'n  *  <--•*  _■  > 

In  the  canter  of  the  vortex,  at  a  place  where  r  *  0,  should  tend  inward  infinity; 

* '  *  e  **  £,&*?  n  —  CO— — e  S-c—  '  +  r*  — ~ '  -  -  — ^  c"  ^  e'Wjr  ^  ^  ^  ^  W  —  '  “  — *  -  d  '  /"-- 

nsc  -.-Jr—  ''oti- i tiers  in  which  r  =  0  (See  Sec  6  cr  this,  cha— ter). 


1.  Positional  Flow  Vortex  1,  R^te  of  .Annular  Reformation  of  J-'icro-mass  of  Id^'id 
According  to  the  definition  cf  a  rlow  line  (Chap  4,  Se^  S),  there  is  no  flow 
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movement  i”  a  direction  perpendicular  to  that  of  a  flow  line,  that  is  to  aay  that 
V  =  0.  If  on<=>  is  using  a  cylindrical  coordinate  system  in  r,  6,  z ,  then,  the  ?.  axji 
is  perpendicular  to  the  surface  of  the  fiqure,  and  it  is  possible,  according  tc  the 
method  in  Chapter  4*  Sec  6,  to  iolve  for  the  circulation,  dT,  of  the  differentiated 


volume  A?CD,  Because  V  =  0, 

r 


*T  -  (  V,  +  -  V,riB 


V9rde  +  VtdrdQ  -f  rdrdB  + 
dr 


-+  drdrdd  —  Verd8 


ignoring  the  3rd  degree 


-■V— + 

amount  drdrdd J 


rdrdd. 


if  one  substitutes  this  into  eouation 


(•  ,f),  then,  it  is  possible  to  obtain  the  circulation  for  ABCD 


rdrdO 


icity  arc'.r.d  the  r  o-ir ,  C  w  -  i'-e  circuit 1 5  ~n  on  «?.eh  unit  cf  arec 


rdddr 


*"  ®»  therefore 


Therc.fc.rc,  in  the  flew  field  of  a  free  vertex,  it  is  only  necessary  that  the  field 
rot  contain  a  c  -tcr  value  of  r.^ro,  and  then,  the  circuaDtion  of  the  circumferential 
v,  for  nr.y  river,  dif'^r^tiated  are*,  /T  =  0,  or  the  angular  velocity  of 

an  tore  itior.  •».-  0,  that  is  t^  soy  that  the  micro— nass  of  liquid  ABCD  has  an  avert— 
ieal  ci"<nnfe?'ential  motion  to  it.  Ho- 'ever,  if  one  looks  at  the  situation  of  a  flow 
field  which  includes  a  vortical  center  value  of  0,  then,  the  radius  is  r  and  the  cir¬ 
culation  on  the  circumference  (also  called  vortical  strength)  is 

T  -  J*  Vtrd6  —  K  46  -  2*K  -  cons  tan  t  *  ■©  '{&/%}  ^  4  j 

Equation  (6,4)  explains  the  fact  that  in  flow  fields  which  include  vortical  centers 
with  values  other  that  zero,  for  any  radius,  r,  the  circulation  on  the  circumference 
or  "vortical  strength”,  I",  vill  always  be  equal.  Therefore,  the  flow  fields  of 
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free  vortices  are  also  called  " equal  circu  .  ticn"  or  "equal  vortical  strength"  flow 
fields. 

Looking  at  Fig  6.1  (t):  the  angular  velocity  around  point  A  on  side  AB  or  the 
micro-mass  of  liquid  is 

•  -8F*.  Si, 

'■“ir"  »  ■ - 

■’he  a’"~.ilar  ve? 'ci"*""  arend  point  A  on  side  AT*  of  the  micro-mas-  cf  liquid  is 

_  ar,  _  9ri. 

402  “  rdd  fit  ' 

Thr.  av-rage  angular  velocity'  around  point  A  is. 

•».  —  4”  -  «*>  -  — 

2  2rl  dr  99  J  (6  5) 


vhich  equals  th®  a.v®~-g©  r*-te  of  ar- m’lar  defermation. 

If  ove  -erfi-'hers.  the  fcrmla  cur]  V“V  x  V  which  was  found  in  Chapter  5»  Sec  5  and 
describes  the  vcrbicity  cf  a  th~ee-dimersional  flow  field  in  a  cylindrical  coordinate 
system,  V  «=  c,V,  +  etVe  +  etVti  <=ypands  into  2a>  =  V  x  V: 


v  x  V 


e,  et  e, 

a  a  a 

dr  r99  9 r 

F,  Fa  F. 


.  ,  f  dVt  _ 

,  WM  +  M' 

+  "l  ar 

a  J  +  r  l 

two-dimer 

s  on.  a]  3:"-' 

al  1  rs.  rt  i  a 

\dv. 

drF/ 

l  ae 

dz  . 

9F,‘ 

1  — 

99  . 

1 

or  »* 4-  e «».,  therefore 

■  .  .  Jtrl  ©r  aa  i 


the-efc ”c ,  '«»  a- "  ■#>*  are  both  equal  tc  rcro.  If  one  is  decline  with  an  avortical 
potential  flow  Ja»*  =  0,  then,  it  is  necessary  that  2«»*  =  0,  Equations  (6.5)  and  (6.6) 
er "lair,  the  •'"-’ct  that  what  are  clled  "free  vertices"  should  conform  to  the  condition 
fv--  ‘  :e  evc-'f.gc  angular  v  iocity  :V'_  the  micro-mass  of  liquid  ABCI)  as  well  r-s 
it"  vertirihy  =  0,  t;-r  +  is  to  ~ny  ‘-hat 

2».  -  o,  -  —t]  -  Or  Fig.,6.1  («)  °f  F,  -  0, 

therefore  -  0,  °r(rF#)  -  K  (6.7) 

dr 

r?he  method  of  analysis  of  equation  {'■»!)  is  diffo"ent;  however,, its  sigiilicamce  is 
the  sane  as  that  of  equation  (6,1), 
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See  3  Free  Spirals  and  Increases  in  Intensity 

Pig  6,?  shovs  a  balanced  stable  flow  state  of  a  micro-mass  of  liquid,  A3CD, 
between  twc  flow  lines*  3C  and  A.D,  in  a  two-dimensional  free  vortex  flow  field, 
"^ror  equati'-ns  (f.5)  and  (c*2),  it  is  possible  to  obtain  the  vorticity 


(6.E) 


I  •**  :"- 

K6.2 

Fig  6.2 

' .  Eadial  Equilibrium  of  Micro-mass  of  Liquid  2.  Flow  Line 


Hie  f'r>-''h"ped  ar^r  of  the  micro-mass  of  liquid  =  rdo  dr;  the  mass*  r  =  -rd 
*Ve>  —  v,e  /r,  and,  i goring  friction  and  gravity,  the  only  ct 

fcro-c  involve-1  rur'-ce  pressure,  1/e  can  write  out  th°  pouilibrixea  equation  cf 


ce  ftlmr  a  radial  direction 


(p  +  rfr)(r  +  VrVd  -  ^6 

-  2  (prfr 


After  doing  some  manipulations,  and,  ignoring  the  third  degree  tr^ce  quantity 


(| Ldr4rdd) 


then,  v'e  get  the  relation  shir 


dp  „  £  T_1 
dr  r 


therefore,  if  vre  substitute  the  equation 


V.  ,  1  dp 

r  pV,  dr 


into  equation  (6,8 )» 


then,  we  can  obtain 


pV$  dr  Or 

The  total  enthalpy  alone  the  flow  line* 


(6.10) 


*  has  a  dif¬ 


ferentia!  of  ius,  rt 


di *  _  8.  ,  „  ai%. 
aT  dT +  6  a,  ’ 


Beside?  this*  fro-  h  •-  different at e"  for"  of  the  first  Lav  of  Thermo/ ;"narr.ics*  is  = 
the  di'*:'’ erT.tiated  increment  of  h^at  content 

Tds  -  di  -  —  dp,  or  ®L  =  7  ^L 
p  '  dr  dr 

P  dr  6r  dr  * 

Due  to  this  fact, 


pV» 


dV 


(6.11) 


■dr  r  dr  r‘  dr  r”  *r  * 

If  one  t'-kes  equation  (6,11 )  and  substitutes  it  into  equation  (6,10),  then,  after 
certain  manipulations,  it  is  possible  to  obtain  the  vorticity 


2a.  «=  ^~(^7  “  7  | S~)  CCroccc  theory  (6.J2) 


--roir.  ecuat ior  it  ?  r  b-  seen  that  it  is  necessary  for  the  total  enthalpy  i 


^  '  .-X  „ 

and  heat  content,  s,  error'-  diffe'’°nt  flow  lines  to  be  equal,  and  for  the  total  enthalpic 

gradient  (di*/dr)  and  the  h'-at  content  gradient  (dr/dr)  to  be  equal  to  zero,  that 

is  to  say,  an  "ir.sulet''  ■  energy  uni thermal”  flow  field,  before  one  con  consider  this 

tc  be  an  av-ra'cal  ti‘!  flew  fro*  ”cr  e:  in  v’-.'ch  <•»,  y  f,  Tr.:r  ir  th<  e?vir'  2- 

er.t  cf  an  id cal  condition  in  which  there  are  nc  lories  du*  to  viscous  friction*  r.c 

heat  increment  and  no  he-.t  tror.sfer  or  differential  of  total  ent'-s  1  py,  Obviously, 

if  there  is  heat  transfer  present  or  combustion  or  if  there  is  viscous  friction  in 

the  bo-ndnry  layers,  then,  this  does  not  satisfy  the  conditions  for  a  free  vertex. 

However,  free  vertices  can  act  as  a  standard  agar  rt  which  it  is  possible  tc  measure 

actual  vortices,  Free  vortices  and  other  flow  fields,  when  added  together,  can  sin>- 

ulate  the  situation  which  exist®  during  air  flow  tests  of  combustion  chambers  without 
# 

igr.it  i~n» 
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Sec  4  Circumference  Spirals 


At  the  center  of  all  vortices  cr  whirlwinds,  there  is  a  vortex  core  with  a  rad¬ 
ius  =  R_j*  the  rotation  of  liquid  within  this  vortex  core  around  the  center  0  depends 
on  the  rot  "tier  of  the  liquid  in  individual  °ases,  that  is  to  say,  V#—  ru>.  ,  This 


vo~tical  CO1*?  ’s  also  called  "forced  spiral".  The  external  surroundings  of  a  "forced 
serial"  is  a  vertex  or  spiral.  Coneesiing  the  circunferertial  flow  speed  of  a 

fr®e  S'- i-al ,  ,  it  is  possible  to  say  that  this  speed  is  one  which  is  induced 

r 

by  c~  th-  eircumf  'r  Aial  edge  of  the  vert  -  cal  core,  the  tan¬ 

gential  flow  spe'-5,  Y  -caches  mar.iraum  values,  that  is  to  say, 


P&TK,r»  15 


pic  e.5 

1*  fist-: but i  ar  s.  of  V  ^  p.  and 
-  along  r  for  s  Cir^'.rfe-ential 
Vortex 


j n  >**,|  r 


V--*'U~R< 


n  r'ye  .r“CT'  ti~:  J  77. 01-’  f>Ts  ’  '  Q.  f.‘  y  V  = 

--•cr  “he  center  cf  the  verier  ~  :u;  elenj 
~h~  }  2T|  is  an  sv'o',,r  5^ 

( :•) ;  t-»  sxetjc  pres-ure  distribution,  p 

f (r)  i*  shewn  in  ?ig  ('.,;}  (c) •  xhe 


too  terns 


r '  _  /»  '  .  1 
-  ~  -  s  -•/ 


T  *3  r  r?  .y.  S,  y*  ” —  /  ,r  r  *  \  r*  '  y.  -  C 

--  —  -w  •>  »-/  v.  ;•  -  = 

two— ^ intensions!  axisymetrioal  vertical 
flow  fields  are  concerned,  o'10  need  ly 
be  concealed,  with  ^henC^s  in  to:  ge~tif.l 
velocity,  Vq,  along  r;  the-efc"e,  it  is 
not  nece~saT  t**  use  pft—tiel  •'  i  f  ''ere- 1- 
iation,  and  equation  {’-.'j  )  c-r.  b*'  w-i4--.^ 
in.  the  form  of  the  ordinary  dif-re"o’nti?l 
equation 


i£.  _  Pn, 

it  ■  ■  r  ■  r 


If  one  ass,umes  r>Jt„t  then,  from  the 

static  rressu-e  in  the  surroundings  of  a 

free  vortex  or  sniral  =  p  ,  and  the  static 

o  • 


■t genera •fcu?'p  in  the  same  situation  *  T^J  if  one  substitutes  these  Quantities  into  the 
integral  equation  (0.13)  for  a  certain  radius  f>R,  to  RQ»  then,  it  is  possible  to 
obtain 

(6.10 

If  on®  ijy.c'*er  '■c"'",*oS'ribilityj  makes  n  =  a  constant,  and  employs  the  formula  for 
e-val  o;  "mil  at' on  siren'-th  (•  •'  )  1“  2*fR#,  ,  then 


iV'o"of  cro, 


PrJ  r*.  </r  Pr2 

4**  J>  rs  8*V 


(6.15) 


The  p“o tfo  -•••es'mre  on  the  bounds'"'  of  the  vortical  core,  R^ ,  is 

-  pYk  (6.16) 


Pi  *“  po 


' 1 ' i thin  to®  vortic®?  cs®*®,  because 


8  n>R\ 


T  -  2  *K  -  2  *RiF.  =*=  2*R?w, 
rf  . 

2  =r/?f 


V,  —>  rco 


■J  Vi*»**'V*‘r^**,V5 


,  [R‘ZU  -  _£TL  [*• 

Jr  r  WR\  if 


rdr _ 


-.v  p  r, "  *  *  ^  c  '  re r.  “'  “.re  ’  *1 -  r.  : c  vort ;  c  •  .1  c. c  ?■*(= 


At  a  i! 


r*.  Fi  .  -  .  Pr1(2R?-r2) 

-f-P.-rj,  -f  *“* - <l,) 

ih®  h®®rt  of  the  vortex,  where  r  =  0,  the  s+otic  pressure  is 


p,-p.-^T.  or„-p.-lCp.-*)  C«i«) 

Tpuatinr.  (C.17)  explains  the  f®ct  that,  within  the  core  of  the  vortex,  if  one 
takes  p  to  be  the  vertical  coordinate  and  r  to  be  the  horizontal  coordinate,  then, 
ths  distribution  of  the  differential  of  static  pressure  (p  -»  p)  is  the  solid  swept 
out  by  the  paracolic  line  which  passes  through  the  center  of  the  vortex  and  is  axially 
syr'.e tries!  with  relaticr.  to  the  s  axis,  This  "low  pressure  t"ough"  is  the  cause  for 
the  eye  of  a  whirlwind  and  the  collection  of  dust  and  the  sucking  noise  caused  by  air 
being  drawn  down  into  a  whirl  rool,  all  of  which  phenomena  w®  have  mentioned  before# 


The  eddy  current  devices  which  are  installed  i r.  the  forward  section  of  flame  tubes 
are  installed  there  in  order  to  produce  precisely  this  kind  of  "low  pressure  trough" 
in  ord'-'r  to  suck  in  the  surrounding  gases  and  the  gases  down  stream  and  make  them 
flow  upstream  in  order  to  set  up  a  stable  ignition  source. 

Sec  5  Circular  Eddies  at  the  Mouth  of  Eddy  Current  Apparatus  (Dry  tun  V'i th¬ 
ou  t  Combustion) 


cwtq'' '  rvf  vc'  c  "  ri zv  or*  v  .i. ciK  Cc**cc  '•  'r-  .  ..e 


.L  cK  f*c  t 

— T-*-  to  become  p  ~i'r  g-type  vert' cal  jet  wh?  ch  shoots  into  tb«-  flame  •‘•uber..  The 
tangential  flow  s^e-^dr  cf  these  vortical  j°ts*  v’nen  rotating  at  high  speeds  in  the 
r‘p*»>  of  a  horirontal  ero'S  s*c xion,  form  circular  vorticies  similar  to  those  nen- 
■•■i  ""o''  5-  g  ■»>— ovi^us  '•ha,''+er.  "Vjo  "lev  enure  t r^urh "  of  t'-ere  vortices  cr  spirals 
injures  the  m^i  ~  gos^c  tc  "low  upstream  (a  mart  cf  the  aria.!  flow  cf  ’’crtical 


r  form  ’’cr-if'-s  a 


?o  o"' c\m  ir  Ei"  fc.)»  It  is  ^•‘onsillc  t”  imagine  th~se 


"oun.d  verti erk-  as  bei —  a  closed  st^i-e  of  vortices  'which  form  round  rings  from  0 


cf  the  vortic' 1  cores  fror.  a  limi  les-  number  o 


—  /*•  — /» v  1  a  — 


cular  vortioe 


TO 


-osculate  that  ve  already  know  that  the  radius  of  th«  ' — x  ‘ = 


10  r>-  T*. 


ulation  of  the  circular  vortex  “ f.  If  we  also  postulate  tr.at  n-'  ar in  c"  fn  o?ry, 
x»  of  the  vortices  meets  the  direction  of  the  surrounding  incoming  air  in  ~uch  a 
v.’oy  as  te  have  a  positive  sigji*  then*  we  can  see  the  situation  portrayed  in  Fig  • 

^ 1"  phi"  5- o'-*- "Cj  • -c  -'"r.  o’-'-'n--  noth  *■*  r*  0  and  y*  7  roe— •* ir e V  y  xens. 

Fmom  0.  fiver  noint  on  to*  vertex*  P*  *  tc  another  point  in  the  vicinity*  I* 

t‘  ir  a  m"r;vf  -•--ctor  R=  in  -r  jy  +  i;s;  the  length  of  this  •■eater  is  H, 

1 

"he  differentiate'''  a.rc  length  at  ->rint  P*  *  dr  =  rpd  0  ;  this  corresponds  tc  a  differ- 
-niiated  length  of  a  tangent  to  point  P1  *  ds.  Therefore*  the  unit  vector  of  the 
tangent  is  (dt/ds')  —  0<  4-  cosd'j  —  anO’\.  #  If  one  takes  R  and  use''  a  eylind- 

-•  -r-  an  *  ryt-  f.  d;~l*y  it,  then, 

R  =»  «x  +  /(rsin»  -  tiwfl')  +  *(»■«•«  - 

(6.19) 

R  +  r*  +  r*  —  2rr,c»»(d  (630) 

R  X  —  —  —«  [rco*(©  —  ©')  ~  r«] 

dt 

+  jxnaB'  +  (r  cos©  (6-21) 

If  we  use  the  Piot-lavart  theorem  f-om  electrodynamics*  then*  it  is  possible  tc  obt¬ 
ain  the  differentiated  arc  of  the  vortex*  ds,  and  the  dif.~erer.ti  a  ted  flow  speed  vec- 
or  induced  by  it  at  point  F  jy  T  R  X  d%  fa/,) 


If* 


(6.22) 


1’3 


\.n 


1 


Co 


(b>  ***** 


*6.4 


T'i  of  V-; 


Fir 

’]  Ores?  Section  of  Vortex 


Vortex  Coordinate  3g 


'■>>  ran  the*1  nee  the  non-dimens i oral  coordinates  S  f  ■»  (r/r,). 

o "nr '  —  ’'e  nee  this,  core -'mini*  the  entire  vo**tex  T  r  r  .  the  nartial  axi 

#  v-  c 

^r..,  "hicv  *  s  in  dreed  at  point  F,  cor  be  obtained  using  the  circular  inter 
c -nation  (6.?") 


-T  f2*  _ r  cos  (6  —  9*)  ~  1 

4*r,  Jo  r?  +  p  4-  1  _  2r 


I 


cos(0-0')]f 


d& 


(6.23) 


To  make  integration  easier,  take  the  equation  above  and  change  it  to  be 


V. 


4*r.  IP  +  (f  +  !)’]*[?  +  (r  —  l)2] 


in 


*  1* +?  ''iTe  -  r/ )il}1  dfr 


-  _  or. 


*2 


4r 

?+(f  +  l)2’iwhen 


Then,  the  irtegm.3  equation  is 


The  various  quantities  in  the  equation  above  can  be  induced  into  the  form  of  a 
standard  integral  e'-u-tion  for  an  ellipse 


K(0  -  t5 - 1 - - 

J»  o  -  *W«)* 

EOfc)  —  jT  (1  —  ^2*inV)i  da 

D(0-P— **L—da-!Lz. 
(1  -  ^ria2o)i  k 


o" nit.- the  functional  table*  v®  obtain 


(* - 1 - da  «=  — — 

c  (1  ~  42nn2a)^  l  —  k 
f*r  an2a  .  —  K  —  D. 

J°  0  -  *Wa)f  1  "" 


The  integral  equation  I„  can  be  err"ecsed  as 


And,  finally  ve  obtain 


and  r  ,  vb.ic;.  v- 


/,  -  2?4(K  —  D)  —  4(r  +  1)E 
T  4fC*  -  P)  ~  2(f  -4-  1)E 
*  ”  2 *r.  [?  +  (?  +  !)’]*[?  +  (r  -  1)2J* 


r  _T - 1_I - -{*(*>  ' 

2*r,  [?+(?  +  1)1]*  1 

-  [■ + yy(r_*y «»}  wa.  •  <«« 

•_dy  hrov:,  are  functions  cf  "n”  and  T.  Hr ing  (2Wr)r,-r. 


xhe  non— dimensional  a-'lal  velocity  component  values  car  be  displayed  as  in  Table  6.1. 

Concerning  the  ’-.•hole  vo’diex,  the  radial  component  of  velocity  induced  at  point 
P  car.  also  be  figured  according  to  the  procedure  utilised  above  by  using  the  integral 
cf  equation  (6,°'')  along  the  circumference  2-  ir  rQ . 


,  „  _T_(fa _ I***.* - 1 - iff 

.4*r,J»  (?+rJ  +  l-2r«»(e— Ol* 

-I - 1 - /,. 

4*r.  [?  +  (?  +  I)1]*!*1  +  <r  -  1)*] 


3.142 

3.240 

3.586 

4.432 

mm  jnEij 

5.263 

3.695 

2.515 

2.534 

2.572 

2.585 

ssa 

1.965 

1.899 

1.719 

1.496 

1.469 

1.380 

IO 

1.111 

1.086 

1.008 

0.874 

0.824 

0.804 

0.746 

0.650 

0.617 

0.603 

0.560 

0.494 

0.468 

■jgjS 

0.428 

0.382 

0 . 360 

- 

0.353 

0.332 

0.300 

0.281 

0.276 

0.261 

0.239 

rar  ie  t  . 


Induced  at  the  ncin 


.2 

1.4 

1.6 

1.8 

1  2- 

0.272  0.619  1.13*  1.641  2.182  1.586 


.6 

0 

0.268 

0.565 

0.900 

1.202 

1.287 

1.073 

0.748 

0.484 

0 

.312 

0 

0.220 


0.165 


0.120  0.231  0.323 


0.649  0.801  0.836 


0.547  0.572  I  0.530 


0.426 


0.448  J  0.354 


0.403  0.386 


0.173  0.291  0.286 


0.166  :|  0.198  0.214  0.215 


0.086 


0.062 


0.045!  0.087  0.121  0.146  0.160  I  0.164 


0.342  I  0.287 

t 


0.266  I  0.230 


0.090  0.109  0.122  0.127 


0.159  0.148 


0.119 


Table  6 .? 

Itadial  ’’on—* menricnal  Velocity  Cormoncr.t 


Induced  at  Point  P 


«r8ai*; 


arts 


.249  0.595  1.149  1.714  1.613 


0.050  0.204  0.460  0.792’  1.075  1.158 


0.04 0  0. 156  0.337  )  0.552  0.740  0.841 


0.030  0.115  0.245  0.395  0.532  0.528 


0.022  0.085  0.179  0.288  0.398  0.477 


0.016  j  0.063  |  0.133  |  0.215  0.297  j  0.368 


0.012  0.047  0.100  0.163  0.228 


0.000  0.036  0.076  j  0.126  0.178  0.228 


j  0.00'.  |  0.022  |  0.047  |  0.078  ]  0.113 


1.2 

1.4 

1.6 

1.8 

1.978 

1.448 

1.175 

0.999 

1.613 

1.331 

1.120 

0.968 

1.158 

1.092 

1.986 

0.886 

0.843 

..  . 

0.861 

0.829 

0.778 

0.628 

0.675 

0.683 

0.667 

0.477 

0.531 

0.558 

0.564 

0.368 

. 

0.421 

0.456 

0.474 

0.288 

0.337 

0.373 

0.397 

0.228 

0.272 

0.307 

0.333 

0.183 

0.222 

0.254 

0.281 

(*)* 


7:  =  f2*  cos eye’  A\  - 

1  iJ+(F  +  l)J  j 

X  jl  +  ?  f  [  1  —  cos  (8  6’') ]  | 

[  ?  +  (?-iy  r 


:p"  e-'uivr.ier.t  se  that  it  ber-on 


ones  a  ■*’- 


fcr  a-  e-1' i~.se,  then,  it  is  possible  to  obtain’ 


Vr„_L _ 2  x(2K  -2D-  E)  ~ 

2*r*  [P  +  (r  +  WlP  +  <j  -  iyj* 


■'orr'cm-nt  of  velorif- 


7%  -  - - - {*(*) 

2arr0  [Ji  4.  (r  4. 


<«.25) 


The  flow  function,  & ,  can  be  solved  for  by  integration  on  the  basis  of  the 
-^dial  component  of  velocity,  V^,  and  the  axial  component  of  velocity,  V^,  as 
fellows: 


-r  J'  VJx  +  £  rVJr 


[m*/*3  (6.26) 


?irst,  integrate  from  0  to  x  alone  the  axis  of  symmetry,  r  =  0;  then,  at  a 

to  f nor  0  to  r  along  the  radius.  The  internal  of  the  fi-st  quar- 
•r~  o"riiT  above  —  C,  ana  th°  in^eyr'l  of  th»  second  mia  t;  ■‘■y  is 


£; 


{*00 


2*  «  [Pir  +  l)1]* 

-[■  V+(r- »■]*«>}* (<w 


tee 


_ —  -j. 


try,  r  rr  0,  to  be 


■'ase  f lev  line,  that  is  to  say. 


;c  t tt<=  volume  of  f  1  ov  alone  the  an;  o  of  symmetry,  r  =  0,  to  be  <t>  which  is 
o-nf  to  0,  then,  one  car.  iveefrete  the  parts  of  eou-ticn  (C,?~)  snr'  obtain 

*  -  ip  +  a  +  dij*  ](i  -  j)K(o  -  £(*>]  i®5/*] 

V  _  ;  <6.28) 

Thp  f* c v? ~  anal’.'siF  is  cr.lv  s.v^voriria.'tc  iTr>  5*1  c*  ^ *  •'  1  ^  ,*?icb  *  vc 

induced  by  the  surrounding  of  the  vortical  co^e.  Ar-eu^l  ver'v:  ev^r:  if 

they  are  very  small,  dc  not  have  •"adii,  9 ,  which  a~e  equal  to  rrre#  The  x-f  ore,  it 
is  ret  "’hie  to  use  *  =  0,  r  —  0,  and  1;  =  1,  in  order  to  solve  for  the  induced 
a-io*  f '  c-  •  rp-'od,  a  -  to  or.  (x.'V. ), 

If  one  loo’:"  at  ~Ig  i',4  (a),  then,  it  is  possible  to  su—ose  that  the  vertical 
cross  sections  of  t*-®  vc  “•tiros  have  equal  circulations,  ^  (r'  /s),  a"d  that  they  are 
a  pair  of  circular  spir-ls  •*r  vo-tices  v  ich  have  op-osi+e  directions.  "1.®  two  vor¬ 
tices  mutually  induce  -ach  other  as  follows* 

/.f  s-pv  -lace  in  the  h®ort  of  the  vortex  where  f  =  1,  the  axial  flow  speed 


V.  *=  - - ,  [m/*] 

4  *r6 


(6.29) 


"hi  r  evola’ns  the  f-^t  that,  »**«n  if  one  is  considering  gas°s  Completely  at 
"eat,  if  cr.e  is  f'-nhirg  in  terms  of  the  vortjcol  core,  there  is  displacement  in  a 
positive  direction  'long  the  x  axis  (the  forward,  conn ter— current  flow  of  the  sur¬ 
rounding  poses)  o.t  a  velocity*  V*  ,  l_’he"efnre,  these  vortices  are  not  capable  of 
being  stable  at  a  fixed  position.  If,  however,  one  is  co'ceminp  himself  with  a 
uniform  f ">  ov  field  in  •■■•hich  the  counter-current  flcv  speed  along  the  x  axis,  —V  = 
■»  (r/4*r0)  ,  then,  this  condition  can  be  maintained,  stable  and  unmoving,  in  rela¬ 
tion  to  th«  vertical  core,  and,  in  this  case,  stability  of  combustion  can  be  rrin- 

1?P 


'm 


t  P.  7r.ec. 


If  one  is  considering  the  whole  vortex,  then*  those  vortical  centers  along  the 
circumference  also  mutually  induce  each  other,  and,  the  result  is  that  the  speed  of 
the  forward  dismlaement  of  the  center— current  vortices  or  eddies  must  be  consider— 
ablly  faster  than  what  is  the  case  in  equation  (6. 29 ).  (Refering  to  Hydrodynamics , 
Lamb,  6th  ed,  1945,  p.  941 )  it  is  possible,  on  the  basis  of  the  equation  below,  to 
figure  the  sped  of  counter-current  flov;  displacement  in  eddies: 


*  =  the  radius  cf  the  vortical  ccr*. 

(*r.50) 


The  form  of  Pig  (-',4)  (a)  shows  the  drawing  of  surrounding  gases  into  the  form 
of  an  ellipsoid  sphere  by  a  stab"1 n  an-*'  vortex.  According  tc  the  reference  eixed, 
the  1  "T.  ~  a." in  cf  tv,e  cl.li~sci.  cohere  =  i, IS  r  »  Assume  th*t  radius  cf  ~r.~  n~~  ■■ 
venter  is  nor*  c'  l^ss  e'ujal  tc  the  !,v*’'*  -v  ■■—d  -’us  of  the  ed^y  devices,  F  =  •  xr,+t 
if  this  is  true,  then,  the  interior  — *d'-ur  cr  +1**  flame  tube  mu'"t  he  !<*'  ~t  '■.•*'=— 


what  larger  than  2,09  -  •  If  it  is  smaller  than  this  v'luc.-  '  am,  f  '  o''y  -pr" 

c 

will  be  squeezed  an'-  •?  Ion  .me.  tea. 


\ 


Sec  6  Spiral  Vortices 


The  desiqr  of  nanv  for  the  in t'be  ’later  of  Jh«  "fish  row]  ”  cor bus* 


■  o<=r  c:  a 


*orls  of  ?  fr*< 


r>  ->  -g^i  f* 


.  ”1"  ■*  r  !  ?_  j.-*  pr*  ryx pc  cr 


n? 


•  or 


is  t'"p  same  a~  a  s-u rO  vertex,"  This  p'’ir.c:’le  i  -  air: 
*  he  de~i~n  of  "cer.tri  metal  radir.l  f  1  ow  tu'-hi’- ps"  •  r  w=T’ 


'"•mer-o'T.ac  '•entrafn~al  re: — rosaor*  ?nc 


■  ij  -  ussers 


‘pfr  dr)  Fv 

♦  -  -*-0  V  •  -C  /  • 


cs  that. 


intake  vanes,  thc  jibing  plate  holes"  or  "fish  scale  holes”  that  arc  arrange* 
“’■"re  "i’*  ~~  s' i -1  t*  *  e  i-^-i-r  -''low  lines  ?icn”  the  cirecJ.iev*  n  — —  n  cf  th?  r.: 


line 


r.  tc”spct ,5 ~n  of  the  srir*l  line  and  th«  r-drus. 


-h€"efcre,  there  ar-  icren"  <'f  spiral  jets  shooting  into  the  combustion  char.be: 
free  th..  hcl'-s  ir  J'  e  "mb’ ing  or  friction  plates"  and  winding  around  the  fuel 
tribute  on  plates  cre~ting  violent  whirl  vi  nds.  The  diameter  of  the  fuel  cisperr 
plates,  r  =  7n“-”  and  is  larger  that  th®  vertical  cere  of  solid  rotation,  -’hen 
rotation  speed,  n  =  ''9,0'T  r.p.m,  then,  the  tangential  velocity  can  reach  V  = 
«160  n/s. 


d  *1  r« 
•  *  or. 

O  o 


Chapter  4,  3°c  2  tnl'-s  about  the  fact  that  the  flow  speed  direction  is  the  nor* 
nal  line  of  J'he  “'■■u-potertial  line  '.'hen  4,  =  a  constant.  In  two-dimensional  flov: 
5*^*0  b'no  yr  l’l  0  4>  =  a  constant  ?.rc.  the  flow  function  <!»=?.  constant  a**e 
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both  sets  of  curves  that  meet  each  other  at  right  angles,  that  is  to  say ;  that  the  two 
ter  rent  lines  at  ooints  'here-^  and  cross  are  pe,~pendicular  to  each  other;  the^e- 
^ore,  4>  and  4>-  are  called  orthogonal  functions.  If  we  use  the  complex  variable 


Z  —  (*+  iy)  “  re*  r*  r  (.cmO  +  Jfa  0) 

and  the  complex  function  f(;Z)  “  f'C *  +  iy)  «•  F(f e*)  — 


Fig  6.? 

"Spiral  ’i^o  Vortex"=  ?ree  Vo'-t-rc  +  Point 


Fig  6.6 

Com-le::  Variables  and  Polar  Coordinates 


If  one  analyses  Fir  6.6,  it  is  possible  to  come  to  know  that 


mhe','efc~’e 


herefc"-', 


dF  ^  dF  QZ  ^  dF  dF  _  iF  QZ  __  .  dF, 
dx  "  dZ  '  dx  “  4Z*  dy  “  </Z  ‘  dy  "  ’  rfZ* 


,»£.  .d F  ^  _S F.  .8F. 
dy  fix  *  rdd  dr  ’ 


dF  d</>  ,  d</>  dF  dtf>  ,  .  d</> 

—  *“—-  +  »  — — ,  —  ■*  -  —  +i  — — ; 

dx  dx  dx  dy  dy  dy 


d<j>  ■  dil>  =  ■  d <i>  dip 

dy  dy  dx  dx 


(6.32) 


: 'r  ~ '  '  t' ~  -r~r:iny  rul  cnanti  ti  js,  in  equation  (6.3°)  f non  the  m^oninples: 
L°s,  on»  finis  that  they  sepen~tc  out  into  e^ml  -cairo 


§±  «  &L  «  v 

8x  dy 

Q(ft 

dT-"d7“^ 


ooov'.in- 


d<^>  ^  dip  —  1 

dr  rdfl 

3*  r, 

rd<9  dr  "  * 


(6.33) 


I*~  -i  (  , •  ),  ir  cno  assuror  tV." t  th""e'  is  a  ‘•imension  •  1  "rich  is  -c-’oenr  icu? ar  * 
^  r--r'-  rr-  -f  -:■>■■>  i-1  i:r  icv  ,  th<r',  'ho  ,:r^int  sink"  centripetal  flow  alony  the 
''iroi'.rrf  r.'-eroe f  G  =•  t  r  pr-V^  -  a  ^onr'.ant;  if  one  also  recopnizes  that  p  = 


- 1 


roin+  sources: 


rr,  -  £- 


2  up  -  a  constant  C,  and  the  already  in  own  amounts  of  flow, 

and  p  determine  C  (6.34) 

Accor-5 ir£  to  eruption  (6,4),  f^ec  vortices: 


f 


a  constant  K,  and,  if  we  already  know  f  ,  then,  it 
is  ■noc-ible  to  determine  K  (6.35) 
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If  we  as stune  that  the  complex  function 


F,(Z)  -  -ClaZ  -  -Cln(r*w)  -  -  C(lnr  +  i6) 

\ 

“  C4n  +  *>i); 


nue  to  this  fact,  as  far  as  the  "point  pool"  is  concerned, 
its  potential  function  is  4>\  *“  —Cia-r 


'•O  *  ^ 


4*lr 


its  flow  function  is  $1  —C.6  (v«30 

■  o  o-  •: "otentr'l  lire  of  the  "p-'ir.t  sink",  <J>i  =  a  constant,  it 
i'  o-v- ~sn oar  trie  circles;  the  ecu'.!  flow  -  -T.e  of 
* '-v' c*c t,  * 0  ~  r.  const  "-t  rf  s-^ver'l  r^iiatin'*  ~~rer  (**"■ 

-0  con"! ex  f 'motion 


-y*  -  o 


Fj(Z)  =*  iKlaZ  =  •Kln(»cw) 

=  «'Klnr  -  K6  -  -  <*>2); 


••lc  0  fr 


jf  a  f  rey  vortex, 

..  p.-ie^ion  '^1  —  JC0,  ,  ?rJ  its  f1"-  ''-^ctier.  4>i  —JClnr, 

r”i---e  f-’  li"C  of  f  -  f x'-p  vortex,  (J»z  =■  a  constant,  is  r  =  a 
-cnee  t  'ic  r  ■  "i:,_xn  sink"  -  "fre  vortex"  =  the  flow 


=  <f>,  +  4>i  =  “C0  -4-  tfJn »  ,  (6.38) 


_§£  =  J!*L„  _£  _  __ 


r00  rdfl  •  f  • 


fir.  dr  r 


(6.39) 


:?  one- 


-Kj 


e  -  0, 


y,  -  Kin J?, 


=  a  "C" start,  then,  .*> or 


KT  Id  X  i  —  —  C6  +  K\nr 


C0 


tor -la  If,  -  ta(i). 


'  r.'"~rc"~  f  thr  flc"  lire  or  nation  of  the  cpi’X’l  vc"tx-  i : 


-Si 

r-Xif* 


(6.40) 


"'"iiation  ( v « '  0  )  is  0-1 led  a  "loprithmic  spiral"  or  "isometric  spirnl"  -puation. 


one  already  ’nows  7^,  C  and  K,  then,  is  is  possible,  accotdinc  to  ^nr  “ 


to  consult  the  table  of  natural  logarithms  and,  point  by  successive  point,  to  plot 
o’.'.t  the  flow  line,  The  peculiar  characteristic  of  an  "isometric  flow  line"  is  that 
the  normal  line,  n— n,  of  the  points  of  intersection  such  as  M  and  M'  between  the  curve 
and  the  radius  are  equal  to  the  intruded  angle,  «,  of  the  radius'  (Pig  6,?),  Because  of 
the  fact  that  the  circumferential  flow  speed  of  a  frae  vortex,  V g,  forms  a  reverse 
mronortion  with  the  radius,  r,  for  a  certain  radius,  R^,  Vg  —  the  critical  spe^d  of 
sound 


Accor' tp  e”'.r,l  ~i’*'vu3ntion 


-X-  —  K  «=  rVt  =  R\t\, 
2* 


£  y  irn  j  ' '  0  ’  *"•' 

e::t 


VfL  _  1 

r 


(6.4 1) 


TTr.der  ideal  conditions,  when  the  rrdius  is  reduced  to  r  ,  the  a-  ic  cres "um  dro* 

W  /r.m\  1'  - 

to  p  =  0,  V  is  at  a  maximum  value,  and  ■  ar-  =  2.45,  then,  ••  0-408. 


Tiis  -hat,  vl thin  the  circumference  generated,  when  the  radius,  r_, 

is  at  its  minimum  value,  p  =  C  and  there  is  a  true  vacuum,  ir  the  irte-val 

ir  ch  rm~*  PM,  theoretically  speeding,  one  can  see  the  app-a-wr me  of  s-rer  of 
an-o— —sonic  flov  ir  •h‘ch  1  <  1<T2.45,  Tw*-eti«ally  sn^a’ri'‘r,  “he  ^ath  of  th®  cert- 

T'.-i 7*./? *  •  1  '  *-  '  v>r.  j  ir'  of*  r'  '  ’  J.  *  *■  2'  C  ( '0?'~ 

yo7'e*ov’f  m  r>  ^  ~  ^  ^ .  **  e;  -m  m  }■*  1  .t  +  r,  rTTr>©T“  2.^  CA*’#  T]"1 0  R^,  C- 


u 


I 

c rit  ir  r  1  o  r  #**  ** c *  r*'?  i  ®  j "tVi j  o 

r' o  +v*^—  ?. f  or"~iz,)nci't~3  i  1  ov,T t  Trc  ^ ct^ns  i  i ■^v  j  c i vc urnf* o t*- 

ence  at  R,  is  air® --fly  'ove^ed  or  protected  by  the  jet  nos-le  in  the  middle  of  the 
eddr  cvr  •ent  d erioe  c"  b"  the  v'cri“orx'-l  oros"  section  of  the  axis  cf  rotaticr  of 


— i  •  •  r. 


a. 


'Ir.'. 


ing  out  -  f  th®  re--'1®  and  is  charged  into  a  flow  which  goes  along  the  sene  amis  a.s 
all  t’e^  r®st  of  the  normal  flow, 

'crc,~ming  "rcint  reels,"  if  one  considers  the  f-ct  th.a.t  density,  p,  varies  v.’ith 
Chang®''  in  flow,  then,  the  continuity''  equation  (6,34)  should  be  changed  to  be 

prF,  -  —  ■  C',  F, «■  <M;  a  "*  speed  of  sound  (6,42) 

2* 

The  flow,  G,  can  be  talren  as  a  control,  and,  on  the  basis  of  G,  it  is  possible 


to  choose  a  corsv-nt 


2* 


;  the  R^  in  This  expression  is 


the  r-dius  of  the  "sonic  circle"  v:hen  one  is  only  considering  a  free  vortex.  fi* 
and  a*  are  the  starvation  density  end  the  acoustic  velocity  of  stagnation  respec¬ 
tively  for  the  surrounding:  environment  of  a  free  vortex;  K  =  the  local  Mach  num¬ 
ber.  hue  to  the  ratio  between  point  sinks  and  radii 


-1^1^ 


x[,+jVLm’] 


(6.4'- 


9  •  .  /  t  —  * 


a.zz\v 


.  r>  ^  2J)  ^00 


:  -  *  -  r  ^  ■*  %  - 


r  FC"iC  Cl  TO]  P 


'  a.8 


*.  ■?  —  p-  Vj  ^  >•>  w  —  4 
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*  +  1 


-X1 


I  -  ^  1  1 1  one  obtains  (  **\  1  /  2  \  • 

*+l  \RX)'  A\*+l/ 

xl1'’"<ri’i,3"*rrT-  •  '  (6-4!i) 


the  flow  spend  of  a  spiral  line  venter  in  y*  ■»  Vi  4-  FJ; 


•  (-  r* ,*>—  p-  c  " 


-  x-r 


3”  r\* 


n 


- 


(6.46) 


^roTT*  epuation  y  » . '  "  ) , 


FJ- 


(0- 


On  the  b"'sis  of  this  one  o~r  obtain 


pi  [**  +  (p^)l :  (6.47)  »  the  smaller  t'-:e  —dius  is,  the  f~ster  V 
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(6,i7)  is  a  spiral 'line  equation  that  takes  into  conside"ation  changes  in 
p  ,  If  we  take  the  square  cf  th®  radius  of  the  sonic  circle  for  a  fre<--  vortex,  P^, 
and  use  it  tc  eliminate  ali  at  once  the  various  quantities  in  equation  ((.ty),  t^en, 
it  is  nossihle  to  obtain  the  square  of  the  ratio  of  radii  for  a  spiral  line  or  skew 
vo  "ter 


\dZi  + 

r*v  n 

l  R ] 

K?  J 

r.  r  vrt.'  ■h.’t®  e~uaticr.r  and  (6,1  f)  into  equation  (6,16) 


(6.49) 

..hen  "  =  a.  ?nJ  1=1,  the  radii  r^tio  for  a  spiral  line  or  skew  vortex 

-  V  1  +  1.728’  -  \/ 3.986  as  2 

"c~r  t  ••■.or.  rr  =•  o't.o:  dorr  oovr"essibili  ty,  the  radius  of  the  conic  circle  fora 
r"r‘al  lir.o  cr  shew  vc:u  is  abort  Twice  the  nice  of  the  radius  cf  the  remit  circle 
for  a  ,""?e  vertex,  Ir.  order  to  suit  the  tangential  velocity  of  the  fuel  ii '•per- ion 
"’ates,  V§  ~  V  and  ir.  order  to  ^r^vont  "v,°  ?o''s*>p  from  obst"''"*  nr~  to  -ho  flow  cf 
.~5  8«j  from  being  exc?~sively  large.  it  -oo-.  the  ritch  radii  c "  tru  he.  es 

■i  r.  1-  r-  ■•■•'-  '  - n f  i;.r>  -•  _v  ••  j-*  "hi  ir.  t'  .TO  VSner  C-'”  r  tu  TC  it  £  *  *"*  '  '  tc 

be  ^  4Rj. 

■  f  ' v  „ — -o  :_ort  -  .r  jvc-“  ’I  to~  •  ’-tvu'c  at  +he  exhaust  cf  the  ocr:~res~cr  is 

“*>-  _  *  'O"  -•  r-  J  -‘-.o  o— it’  O"1  PO-.'-<st  ice?  --elOO’ty 


»i  —  184-/^  “  183  V«0  —  183X21.9— 400[m/*]—F., 


'.'hen  r.  =  revolutions  nor  soeond,  the  tangential  velocity  to  the  circvnf erence 

tv®  fv.el  — enr.er  t1*xo?  ir  p#a£l60'  On/®)  =  V  ,  the  r-dius  of  the  fuel  dispenser 

r  _  ~'r—  ,  -•  r-.r.  o-"r  '.  o ire’’*  r. *  or ,  th  ti  ,  V*~  =  a-R.,  l  J  f 0"e, 


_  imxto  _  28mm. 

400 

4Rt  —  112mm. 

Sec  7  Viscous  Current  Spirals 

It  it  crip  "because  lioui^s  hev®  a  viscosity,  and  a  velocity  gradient  9%/ 9 y. 


which  p-'oduce''  viscous  shear  stresses,  r  ,  that  a  rotation  car.  be  wound  around  tc 
form  a  spiral  cr  vortex.  Because  of  this  fact,  actual  vortices  and  spirals  are  all 
viscous  spirals  and  vortices#  An  avortieal  potential  flow  free  vortex  +  a  vertical 
cere  of  solid  body  rotation  =  a  circular  vortex;  this  idealized,  approximate  concept 
only  ignores  viscosity.  Practical  experience  shows  that  the  tangential  velocitjr’ dis¬ 
tribution  along  a  radius,  r,  from  the  center  of  the  vortex  is  F,  =  f(r)  and  that  it 
is  most  cert -inly  net  similar  to  the  cne  shown  in  Big  (6.3)  (b);  cn  the  circumference, 
B-.,  around  the  edge  of  the  vortical  cere,  there  is  a  "sudden  orange"  and  then  a  ucd- 


'1  fi'lr  ic  a  '1  "tr:  but:'  v  of  tv*  pv.fr  tit;:  f  «*  curl  V  »txV-2«  , 

and  it  is  not  even;  moreover,  it  is  diffused  into  the  outer  environment  over  an 
interval  of  duration,  t.  This  is  due  tc  the  fact  that  the  energy  losses  due  to  vis- 
'xs  fricJ'-.or.  cause  the  vertical  strength  of  the  rotating  vertical  masses  (also  called 
circulation'  tc  gra.du'lly  £-x'ruate  ar.d  it  causes  the  vortex  to  be  dispersed  and 
vrne]:  up  -ntc  1  minute  pulsating  vortical  masses  (that  is  to  say,  turbulence 

flov.’  organisational  structures),  -his  is  called  the  "vortex  disinatian  and  brea.k- 
do’-.T:  turbo 1  erce  form."  Looking  at  iA  th's  point  of  view,  the  basic  nature  or 

cvbsv-nce  of  vortices  and  turbulence  flows  is  the  same;  it  is  only  the  size  of  the 
1-  a-d  xhc  di'-or.cicnr  which  ar*  di^f -’•er.t#  5pcause  of  this  fact,  turbulence  flov.' 

■f  z. r  ^  *\vw'  ^  -  rzx  n  r  2  r:  *  i  ~  «»■♦*'**  p»p  on*jg.^  ci.  zr?”1'."1  f?  “t?  o1-’  .fioir.s# 


A  .  VA 


^  1 


r.'.  -f-ft  -txp(-*ni} 


be e.? 

Big  6.7 

t#  a.ul ° °  >verr  i^g  the  Van  gen tial  Velocity  Distribution  of  Viscous  Blow  Vo r* ices 

:Ton-~ir,"nc' crial  T-vao” tie.  I  Velocit’-  ?;  /  V  3.  Vo’-t’cal  Cc~e  d,  V-?  score 

“  *■  c?  '  n?  ’ 


If  v»e  use  the  kilog~''ri  as  -he  unit  nf  mass,  then,  the  unit  of  force  should  be 
(r)  p  and,  the  unit  of  density  which  we  use  should  be  (kg/m"');  due  to  these  facts. 
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the  unit  of  viscosity  is  ft  (Vrg/m*  s),  and  the  unit  of  dynamic  viscosity,  v,  is 

p  *  » 

(m'/s),  'This  is  the  same  as  the  unit  for  the  coefficient  of  diffusion,  D.  Because 
of  this  feet,  the  curl  cr  vorticity  of  a  vortex,  S,  because  of  the  effects  of  vis- 
cos  ty,  is  capable  of  diffusing  out  into  the  surrounding  environment  by  transference. 


and  the  coefficient  of  this  transfer  =  v,  According  to  a  method  in  Chapter  4,  if 
one  resumes  a  given  volume,  V  ,  in  a  viscous  vortical  flov  field,  and  one  also  pre¬ 
sumes  its  closed  surfa.ee,  S,  and  the  gradient,  of  the  vorticity,  I  ,  along  the  out¬ 
side  normal  line  of  the  surface,  grad?  =  V§,  then,  -ithzr  a  dun  tier.,  -"t,  the 


aioity  rut  cut 


~ur. '  ce 


,  _? 


f  -  ft(V  •  | )dS 


(6.50) 


c>  vpfi  z C  laur 3 *  ~y t r- 


~n  tr® crem,  ve 


e  =  V  •  (ftv  -  ivr,  (6.51  ; 


In  a  d 


The  vo: 
(6.^1) 
If  v/e  - 


iration,  dt,  the  vorticity  vithin  V  is  reduced  t" 

s 


f  —  —  dt§  ’  p  ^-dV,  (6.52) 


•ticity  put  from  Vg  is  equal  to  the  "eduction  in  vorticity  vithin  V  ;  equations 
and  (6,5°)  equal  each  other,  and  the  integrands  ought  else  to  be  equal. 

'resume  that  y  is  equal  to  a  constant,  then, 

p  -  ^VJ  •  {,  |L  .  vVJ$  .(6.53) 

dt  dt 

T'h°  lap"1  ar  jer  ap""rt;or.  ,"'th  cylindrical  coo~din.ates 

C  “fir*  +  r.dr  r*  OS1  «*1* 

I1'  or«  v-  •*  *  i —  a  — p.l  act 3al  )y  syrr- trj  c?  1  flov  field,  then, 

*L_o,  4-o 

d,‘  w 

sog->'er tly,  one  obtains  xv,p  differentia)  equation  for  a  viscous  vortex 


«i-v 

dt 


r»  r  dr  J 


«5.54) 


'iven  the  initial  conditions:  t  =  0  and  circulation  (vortical  strength)  r  «  2*K  —  2*R\u>, 
$  then*  one  cots  vortices  app^orincj  .riven  the  terr.irel  conditions:  ►oo. 


*|7  n 
1  < 


and  circulation  (vortical  strength)  T-+0,  then,  vortices  attenuate,  dissipate  and 
break  up;  the  boundary  conditions  are;  r  ■“  0,  and  the  tangential  velocity*  F#  —  0 
(?ig  ^.7)}  when  r  —  l,i  then*  the  tangential  velocity,  ygmm  _ . 


end,  when  ?-*<»,  then,  the  tangential  velocity,  ^-*0. 

Accord!- g  to  a  method  employing  similar  parameters,  when  one  solves  for  the  special 
solution  which  corresponds  to  the  ccr.tr  t.-’  ons  stated  above,  one  finds  it  to  be 


A.exp(__d')>  K-Il -■*$«,  (6.55) 

4v/  \  4v*/  2* 

C-oir.g  according  to  "hat  -a-  sold  ir.  Chapter  5*  the  circulation ,  r  =  the  vcrticit; 
multiplied  by  the  circulation  around  the  area.  The  amount,  of  circulation  in  the 
round  area,  r.  is 

-Mr[l -«.(-£)]  <«0 


If  one  assumes  that  the  radius  of  the  vortical  core,  >7,  »  then,  f  >m  r/Ru  ■ 

This  corresponds  to  the  rules  governing  the  occurrence,  development  and -attenuation 
of  vertio*...,  ~  'r  to  say  that,  ■••hen  ,  the  vertical  core,  beginning  from  the 

heart  of  the  vortex  developes  and  expands.  Because  of  viscous  diffusion  transference* 
the  vcrticity  transmitted  from  the  interior  air  flow  layers  to  the  exterior  rings 
also*  simultaneously,  transmits  mass  arid  momertum,  inducing  the  surrounding  gases  tc 
rotate  around  the  vort: c*  1  core.  If  one  is  demling  with  an  eddy*  then*  it  is  capa¬ 
ble  of  attracting  the  ras-s  do’'’nrt’'<-am  tc  flow  upstream,  If  the  space  involved  does 
net  suffer  fro”-  any  limitation,  the-.,  when  r-»ool$,  ,  and  the  circulation* 

T-*  0.  '’’hat  is  tc  say*  the  gases  move  ir.  an  avortical  rotation.  If  we  go  on  the 
basis  that  r  •  2jrrP,,  ,  then,  from  equation  (t,,c-6)  ve  can  obtain  the  fact  that  the 


-*•  ,~r>v-  •  r'*'  p  « -  • 


(6.57) 


According  to  i’-'e  analysis  that  v?e  have  dene  in  this  section*  the  eddies  in  the 
exhaust  of  +'°o  v«— tiea?  flow  devices  in  Sec  A  are  pet  stationary  ard  unchanging;  cr. 
the  contrary,  they  a-'  constantly  being  produced,  developing  end  attenuating  in  a 
p-"noe'7 s  of  successive  -ereual  and  degeneration,  Vlhat  is  referred  to  as  "stable 
combustion”  must  necessarily  depend  on  the  careful  coordination  and  adjustment  of* 
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"fuel  ccncentr'rti  or  distribution"  and  "chemical  react! ors  processes"  with  the  process 
of  development  of  this  ed~y  in  space  and  time.  If  the  eddy  or  vortex  is  unstable* 
then*  the  combustion  will  be  unstable. 

Sec  8  Axial  Turbulence  Jets  Prom  layers  of  Spiral  Flow 


7 -yp 


b“t',een  two  layers  of  spiral  or  vortical  flow  can  be  seen  as  being 
a  Hat  jet  nozzle  =  2rg.  The  two-dimensional  turbulence  jet  put  out 

:  aviohly  expands.  Various  cross  sections  of  axial  flow  sp i- 
'•n  ir.  Fig  6.8. 


1,  ->  Velocity  Distrih-.-t * -  of  JV/o-d imension&l  Turbulence  Jet  From  a 

Fie*  *•  '  'V::.':  Flat  Jet  For  ?e  Initial  O^cricn  Heir  Tody  Section 

Curling  / - -.ctfon 


1’^A  arc  F„I  are  the  outer  limit  liner  or  the  jet,  ! T  C  end  7gC  a^e  tie  inner  limit 
lines  ■rr  -'■  ?  jot.  The  two  outer  limit  lines,  at  the  mouth  of  the  jot,  flow  toge¬ 
ther  arJ  me^t  et  the  "origin  point"  0.  *  Fne  triangula"  area  inside  the  interior 
boundary  lines  is  called  the  "jet  core,"  The  axial  flow  speed  within  the  jet  core, 
V.’p  is  °ven  and  unchanging  and  is  eou=l  to  the  axial  flow  speed  of  the  intake.  Or 
the  bar:  r  or  nation  from  exporiner  t?l  data,  the  distance  /'r?r  the  origin  prut 


to  the  jet  nc*-le,  h^=  0.r1  (b  /a;,  and  the  length  of  the  core,  s_  =  1.0 2  (b n/~)f 

0  C  o  w 

the  experiments.!  constant,  a  =  0,  0.15  —  0.27.  In  general,  i*at4  —  5  times  b^. 


Sec  0  T'>J-'^^!s  Uq v>  Pia..— naming  Counter— '"iirrent  Areas  Behind  Bddy  Curv*ent  A’lnfi  v>atus 


f1)  1^"  we  elroady  know  the  height  a  Hat  jet,  Fb^,  and  we  choose  the  constant, 

a  —  0.15  ~  0.27,  then,  on  th®  basis  of  egu^tion  (6.5?),  we  cars  figure  out  hc  and  r^, 
and  ve  can  d raw  th®  exterior  bo'md?rjr  lines  within  the  two-dimensional  turbulence 
jet  in  Fig  6,6,  The  *xis  of  symmetry  cuts  the  jet  in  half.  If,  along  the  axis  line, 

1?9 


we  rut  out  a  certain  number  of  sections,  1,  2 ,  3*  •  ...»  i»  then,  we  can  measure  out 
from  the  line  of  the  axis  to  the  interior  and  exterior  boundary,"  lines  the  coordinates, 

b  ,  h  ,  t  ,  . as  well  as  the  thicknesses  of  the  boundary  layer  of  the  turbu- 

lence  flow,  0,  y.,,  y„,  . 

i  i 1 

(2)  We  already  know  that  the  cone-shaped  shell  in  the  forward  secti-m  of  the 
flame  tube  has  a  maximum  inner  diameter  of  R  and  a  hemi-pyraoid  angle  of  0.  V.'e  also 
already  Incw  the  eternal  diameter  of  the  vortical  flow  device,  r^,  and  the  internal 
'ianeter  of  the  vertical  flow  device,  r„j  t>_  =  (r^-r^),  the  number  of  vortical  flow 
vane:-  is  n?  “--e  vc~nic~.l  flow  angle  is  4>  (Fig  6,4),  2nd  both  these  quantities  are 
already  2r.cv  as  are,  »,  the  thickness  of  the  vane  blades,  G  ,  the  amount  of  intake, 
the  ov  rail  intake  tenperotu-'e  and  pressure  and  the  axial  flow  speed  coefficient, 

(;;  *f  ’•••’«  ta>°  the  jet  flow  speed  of  the  ring-shaped  rotation  at  the  exhaust 
cf  the  vc'-tjeal  flow  device,  c,  and  divide  it  up  into  the  tangential  common ent  of 
velocity,  V,  fcrr.ing  an  eddy  (Tig  6,4)  end  the  axial  flow  sp°ed,  V.’,  which  forms  a 
rs»-i-j«t  ^i'ld  (fig  6,")  ~  ’*•* s,  for  its  axis  of  symmetry  ti  e  veil  surface  in 

~Vr  fc: — T<art  of  the.  flare  tube. 

{ '  )  If  we  take  the  ov  er  c;  rc-inference  cf  the  exhaust  of  the  vo-ticvl  flow 
device  as  the  origin  point,  mi  if,  on  tue  basis  of  the  same  scale  cf  m-~'  surement, 
we  take  the  contour  line  cf  the  in.'  'or  1  of  tie  fc ri  section  and  it  ■‘•he 

axis  of  an'1,  i.  th®  -  c-  be^c-"*1',  0"t  it  w  tc  make  e  c  tv  -  in  rum— 


tc  marc  p  c'rr^ir  num¬ 


ber  cf  sections'!,  2,  5»  *...i»  "hen,  the  normal  liner  of  the  various  sections  along 
r  i ”=>H,  turn,  o  inner  and  cuter  boyn <ary  coordinate?  cf  the  seni- 

“ct  flew  fw~'d,  t„,  b.,,  bv»  . as  veil  as  0,  ,  y0. . end  transplant  cr  tr~ns- 

4c/ca-.o  rher  across.  ?y  <*cn.  ‘tir.g  the  end  points  cf  these  y.,,  y,,  .  coordinates, 

omourts  tc  the  r-me  thing  an  dv’ing  out  the  boundary  cf  the  aw  of  co'nter— 
ou'^’ent  flow,  V.'  =  0.  The  reason  for  this  is  that  on  the  external  boundary  line  of 
the  ~cmi-j et  fir.:,  ear'?’  velocity,  V  a  0  (?ig  6,11). 

v” ^  •-o'rrr'r ~  to  t*--.  y-  g  an?. lyrts  in  Section  p  and  Section  7>  44  the 
r--;u£  of  r  s -v  M  e  eddy,  r^=  0.5a,  ti  er,,  that  should  be  precisely  the  maximum  re d- 
iur  or  the  am:  of  emm t«r-cur~ent  fl ow,  The  boundary'’  line  of  the  ares  of  counter- 
cu-rert  TLcw  is  the  tr-ck  of  displacement  of  the  heart  of  the  eddy. 

Ihe  vector,  q,  for  th»  ring-shaped  rotational  jet  flow  speed  at  the  exhaust  of 
f-e  vo~ii',rl  flow  device  forms  r-  hyp-rbclic  flow  surface.  Cn  an  x— y  plane,  this 
flow  surface  projects  a  curve  zr  "ho”n  in  Pig  6,10,  Prom  Pig  6.?  it  can  be  seen 
th-’t : 


14O 


r  —  AD1  —  BD* 

BD  —  ADco*4> 

x 2  -  (  —1—  -  l^BZ?2;  from  ADBO, 
OB  -  y,  BD1-  OB1-  rl; 


T’iC  6.10 

Projection  of  the  Flov  Surface  at  the  P"haust  the  Vc~ticr.l  Plow  Device 
'Plane  1‘n'be  Axis  Line 


5 


r 


y>  y. 


m 


the  •  7*no— bol:  c  line 
on  of  the  inner  her. 


the  net  flr.v: 


- ■  t  i  an  ul . notr-tion  cf  the  a,ar  :  low  s  Tirture  of  the  ion. ••err  section 
cf  a  flone  tube,  T  =  the  core  section  of  the  semi-jet  flow.  II  =  the  parallel  flow 
ar°a  of  a  turbulence  flov  boundary*  layer  and  its  vertical  flow  field.  III  -  a 
comter-cur"ent  flow  ar^a,  an  e"temally  surrounding  jet  flov  suction  and  eddy  in¬ 
duction  which  produce  radial  and  arial  pressure  g-rdierts  and  form  a  central  trough 
of  low  presr-ur~.  TV  =  flow  liner  which  wind  around  ana  stick  to  the  surface  of  the 
c our. ter-curr er t  flow  area  and  which,  when  they  r^~ch  their  tail  end  are  twisted  in¬ 
to  vortical  wakes  which  are  also  called  "vortical  rolls."  r„  and  r„  =  the  ertemal 


n 


At% 


mt.i2  ****«•«»* 


pi e  6.12 

1 ,  Air  Flov  Structure  of  the  Forurd  Section  cf  a  Fierce  Tube  2.  Jet  hozzle 
3.  Vortical  Flow  Device  4.  Vortical  Roll  5»  Cone-shaped  Shell 


and  internal  "adii  of  the  ring- shaped  path  of  the  vortical  flow  device,  ft  =  the 

eoi-p; - : f  ar  p'  e  of  the  cone  shaped  she!  1,  <t>  =  half  of  the  angle  of  expansion 

~he  rct-ti«n*»"  jet  which  is  approximately  cruel  to  the  angle  of  installation  of  th 
'■o  "t/ori'  l  on  ’‘t  ss,  1.,  =  to  the  distance  frojr.  the  cross  section  of  the  maximum 
'iar-io-t  a.  cr  th ^  o^”"t?r-cur  ent  flow  area  to  the  e-haust  cf  the  vortical  flow 
d°v5 re.  A,  =  t'-e  dist  nee  in  v:hich  the  symmetrical.  surfa.ee  of  the  eddy  enters  the 
cylindrical  pn-tior;  this  is  generally  20 mm  ,  R  =  the  internal  radius  of  the 
forward,  section  c'  the  flame  tube.  1„=  the  distance  from  the  symmetrical  surface 
of  the  eddy  tc  the  end  ’xiirt  of  the  area  of  counter-current  flow,  L  =  the  length 


*.t  cf  su-T  emer.tal  intake  in 


forward  a^e5.  G„-  the  amount  of  inteke  pas  cf  the  main  fuel  holes.  H=  penetrat¬ 


ion  derth  of  the  main  fuel  hole  intake.  2-  =  amount  of  reflux  flov;.  The  contin- 

r 


aevs  0"  sust".ine'-  ignition  sources,  A  and  A,  are  capable  of  being  located  in  the 
initial  s^ag-  of  the  boundary  layer  of  the  turbulence  flow  close  to  the  vicinity 
of  the  bounder:-  of  th®  oounter-cu'-rert  flow,  approximately  20-30mr.  distant  from  th 
exhaust  of  +  he  vortical  flow  device. 


After  one  use”  the  semi-jet  flov.’  field  transposition  method  tc  draw  ~ut  the 
boundaries  of  the  area  of  counter-current  flow,  one  already  knows  R,  r^,  P,  and 
<f>t  and  it  is  possible  to  use  the  experimental  or  emnirical  formula  set  out  below 


to  comnare  and  solve  for  the  maximum  diameter  of  the  area  of  counter-current  flow, 
a,  and  its  length,  L;  comparing-  these  Quantities  to  each  others 

^  —  2-1111  +  a,  ^  —  2Ran4>,  i2  -  2.7R da *  (6.60) 

tgf 


The  length  of  the  area  of  oour ter-current  flow 


L  —  l\  +  h  —  (.R 

-... 

n:  -~pr“.id  ongle  of  th*  cone- 

e'u?f.  to 

e  angle  of  expanse®-  of 

choo?e 

—  10°.  If  then 

i.r* "t c t'  *"  ** 

v-'-i'  f  the  cone-shaped  shell  • 

a  ret  at; 

*r:a?  ex  due  to  the  in  finer®' 

L  +  («  -  A+  2.2*«w*  <6-61> 


-r\‘  r '  shell  needs  te  he  ora  ”.*r  ".'.an  'r 
' h®  rc~  t '1  jet,  end,  i3*  0^  -4>t  c*  c  car. 
r  the  core  area  of  the  half  jet  be-’°cm  the 
V:d  the  ex nans fen  surf" ce  of  the  jet  -reduces 


lhe 


covr.  ■■  -r' 


roll  ur  ir  t'.r  flare  tube  cans®-  the  core— shaped  shell  to 
'  p-t-«  —  r=  — ~  L_*  ■ v*  the  irt=-’  1-T ^  O  of  th®  c®—  C^‘r*'l  ale®  r'anpc'P  tec  o ®— 

®-.:re-  "e  of  r'  o -u—v.1  at  ion  of  ash  around  th®  of  reunfe— enc®  of  the  jet  n  c  -  "  1  s  •  A  pcs— 

oi’:  ’  c  .  *  Pr  this  nrey  be  the •*■  I-  -srditicsi?  c/'  high  •  a-'3  a  “hc—t-ge 

of  oxygen  fuel  and  air  mixtures  th®x  hs’-e  already  been  burned  assure  continuous  cen— 
hr. ~l  lor.  fro-  HI  through  the  r :.ng  T' v  sx  I  and  to  the  11  area.  Separation  vertices 
ov — ~;?t  to ■  no  "real,  circul- tienj  J>n  ignition  points,  A  and  A  are  displaced  ccr 
th®  f ]  nr,:  -rath,  and  the  cirumfermee  of  the  jet  nozsle  stretcher  out  behind,  itself 
a  section  of  •'  inl'ind  ccmnosed.  a  hi  ah  ten*>®rabvr®  fu®**  a—'  s'r  mixture  xhs'  has 

frr ;  ~*T1  0^  •  A  part  of  the  fuel  vanor  which  ir  shot  out  ^ron  th®  jet,  with¬ 


in  this  small  l.irlwind,  5.6  cracked  in  a  coking  process  and  conceals  to  be cone  a 
kind  of  "c®r'®cr.  gruel"  which  changes  the  angle  cf  th?  spray.  In  order  to  prevent 
the  overheating  and  accumulation  of  carbon  which  is  mentioned  above,  it  is  pos¬ 
sible  to  charg®  the  cone-shaped  shell  into  a  hemisphere-shaped  "air  flow  guide", 
open  small  hoi'?  in  the  surface  of  this  guide  and  eper  s.  number  of  -up  l®*'«nt'rj' 
intake  holes  in  the  top  end  of  the  flame  tube  (for  example,  the  forward  section 
a  trurbine  jet  7  is  altered  in  r.r®cisely  this  manner),  These  small  holes  net  only 
provide  a  supplementary  supply  of  fresh  air,  but  they  also  blow  away  the  accumula¬ 
tion  of  carbon  at  the  same  time. 

If  the  total  amount  of  intake  for  each  flame  tube  ecuals  G,  then,  the  amount  cf 
.gases  pasting  through  the  vortical  flow  device  an-  entering  the  initial  level,  G„» 
(i  -  IOC;)  G;  the  amount  of  supplementary  intake  at  the  ten  end,  cKat\0%G  ;  the 
amount  cf  c ov.n t  ®  r- cur-en t  flow  in  the  main  combustion  apertures,  Grac  (8  -  I0%)G  ; 

if  we  figure  that  G^=  ((0.4  ~  0.5)  G„,  then,  G0  =  the  amount  cf  secondary  gas  intake 

entering;  rron  the  nair  combu-tion  a p- rture.  The  nrir.ciple  is  that  the  overall 


amount  cf  intake  in  the  main  combustion  ar°?  of  the  forward  end  of  the  flane  tubes, 

2  +G^+G^=  (?0  -  30  )  0,  which  causes,  in  the  area  of  main  combustion,  the  av-rage 

coefficient  of  sidual  ras,  a,  to  be  slightly  larger  than  1*0.  The  counter-current 

'’low  spco"  or  the  axis  line  of  the  counter-current  flow  area  -.7  is  capable  of  being 

r 

estimated  cn  the  V  ri$  of  equations ' that  have  been  previously  >di -'cussed.  If  one 
considers  the  case  in  which  there  is  no  amount  of  supplementary  gas  coming  from  the 
ter  end  (C,.  =  o)  and  there  is  also  no  amount  of  secondary  intake  gas  in  the  main 

*i~,  e ~e  (",=  0),  t^en,  due  to  the  effect  of  ed  y  induction,  the  area 
-  ..  -  ■  *  ,  -•  ««-’*  -til'  •"■'■rfep  *.--tfcr  cf  the  “o'rovf  ~r' 

'  -  r~  ; —  *  -  »*■  " :  1  J'or^”l=  ,  *  ••at  amount  o~  r<  rovletion  is 


C?  =  0.11 8(2 •  pW.  fk */*],  (6.62) 

in  th*-  me'"  arcr  c"  co*-burt:’er.  (kg/~'/. 


*1  r  r»  a  <  f  ** 


P'  ‘  oxy-  '  C 


C.-Cr(t+^)[l.75  4-0.7!i2.r 


f'  +  r* 


sr'ti  ~  a 


.  _  r„i  --■‘n  :  -  l,o’ "’’^g  hi ~h  altitude  '’lights  at  Is-.;  indica¬ 
ted  -re  '(?*')  it  is  is  pne-vt  to  'bp  turc*  T~e  main  c  embus* x.’  n  a-eiv 

-ures  sv-  ?y  a  secondary  amount  cf  pas,  0o  =  2r  j  times  G^;  the  pcs-' ti-r  o'"  the 
K*!rT  'h  a-e  opened  should  be  at  the  tail  end  point  of- the  court^r-cumer. t  flow 
'**"  -'r^-d-o-‘  o-  x'—  —  -i-e;  th«ir  *ep".h  cf  penetration  should  be  Has 0.6J?. 

Tf  the  an  pie  in-"  ‘‘In  “ion  of  the  vorticcl  flow  vanes  cf  the  vertical  '’lev 

---a  tu-  is  toe  p-oex,  end  tve  rctrtior  of  the  ring-shaped  jet  is  too  strong,  than, 
aria!  flow  sp--cd,  ”,  is  too  low,  the  amount  of  intake,  Gq,  is  too  small,  and  the 
counter-current  flow  area  is  too  long.  In  this  type  of  situation,  there  is  an  exces¬ 
sively  rich  fuel  mixture  and.  a  scarcity  of  oxygen  in  the  forward  portion  cf  ih*  flame 
tubes;  combustion  is  slow;  flames  are  lone*  ?nd  efficiency  is  low;  however,  this 
condition  is  useful  for  reignition  ’and  r  conditions  of  higfr  altitude  and  low  pres¬ 
sure.  In.  general,  &  should  be  chosen  so  that  it  is  less  than  or  equal  to  60°, 

The  conic  angle  of  the  jet  vapor  from  a  centrifugal  jet  nozsle,  •  ,  ought  to  be 
somewhat  larger  than  the  angle  of  expansion  of  the  ar^a  of  counter-current  flow, 


(6.64) 


The  "vo-ticnl  roll"  in  the  wake  of  the  area  of  counter-current  flow  comes  from 
the  formation  of  a  high  temperature  eras  flow  in  the  area  of  violent  combustion  (  the 
flame  pea'-  cr  tip).  If  the  jets  from  the  main  combustion  apertures  and  ether  holes 

f  y  on  r  J  -  r  ~  '  .-r  -S->0*r  ^  Vj/O  ±p  •  '  O  x  ^**1  f  O  <-*  f  ■32.^2. 1.  Z.  "tr,r  'T  £*  "t 

?cr.g  a^'5  ’‘-in  ”rcrtic-l  red's"  ir  vry  strong,  and  the  turbulence  diffusion  is  very 
v»»lc;  *h.'—pfr-"Pt  g*  ir  possible  to  maintain  a  high  tempe-stnre  air  flow  right  down 
to  ■‘•he  exhaust  o1'  +’•■>«  rla-><^  tube,  forcing  a  "hot  s-ot"  in  the  temperature  field  of 
fho  orha.net,  ar~  th's  is  ve-y  difficult  to  eliminate.  The  •**eason  for  this  can  also 
be  t’r.oo-*  tc  the  fact  that  tie  angle  of  installation,  £  ,  of  the  vortical  flew  vanes 
of  :hc  :  ~*.2  fir.:  :ovioe  is  too  large.  If  one  inserts  a  large  funnel  into  the 
rein  oembu— *■  ‘  or  aperture''  ir  ' rd •" r  to  conduct  gas’s  in  a  direction.  (  as,  for 

erample,  irj  r.  "peg  flame  tube),  then,  it  is  possible  to  push  ar.d  squeeze  the  eddies 
forward ,  blov:  apart  cr  shorten  the  vortical  rolls,  lover  the  smokiness  and  improve 
the  tempe-^tur®  field  of  the  exhaust,  The  pro.otioc  vg  using  — -  \  rcr. t  ~u  r r ~ 

of  adequate  dimensions  in  order  to  make  model  experiments  with  flowing  water  and  equal  Rey¬ 
nolds  rum'rvrr  has  already  proven,  to  be  an  effective  technique,'  VJe  ought  to  erpl'ir 
fig  a,  12,  i«h  is  i-g  Vvi  an.  illustration  of  the  f  ,rm  of  a  ring-shared  turbul¬ 
ence  jet  ad:  e*'  tc  an  eddy;  thir  ir  net  the  came  as  a  photograph  of  actual  air  flew 

Sec  11  Vortex  Ct-ength  Ihmbers  and  Tests  on  Rotational  Jets 


“v,c  g-~'-.=  Tie-’  -:ir 1  jots  at  tv'°  exhaust  -f  the  vertical  flow  devices 

■'rc’’mp  *'*';>?  an  ’  o'*  c—r ter-cur-ent  flow,  ana  it  is  possible  to  use  these 

+c  control  the  -hope  of  n.a.nes,  -‘jheir  dimensions,  +heir  exothermic  strength,  their 
efficiency  of  combustion  as  veil  as  their  stability.  Naturally,  it  is  only  possible 
+c  ac’-i^ve  satisfactory  combustion  capabilities  ”hen  there  is  careful  adjustment  and 
c  O'- -din  a  ■‘Tor.  r"r  the  conic  angle  cf  fuel  jet  vancriraMcr.,  0,  the  amount  of  sup- 
ilensr.tary  r-’s  intake  at  the  top  end  of  the  flame  tubes,  3^,  the  positioning  cf  the 
mai-  flow  apertures,  the  penetration  depth,  H  and  the  amount  cf  secondary  g-.see 
sup-lied.  However,  the  scope  and  strength  of  these  rotational  jets  gives  rise  tc 
a  baric  induction  effect.  The  r-’ tie  of  the  r~te  of  flow  of  the  tangential  mom¬ 
entum  of  the  rotational  jet  to  the  -»te  of  flow  of  its  axial  momentum  is  called  the 
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"vortico.l  strength  number",  S,  and  it  represents  the  vertical  strength  number  of  the 
vortical  flow  device*  which  is, 

W,  the  moment  of  angular  momentum  of  the  rotational  jet 

5 16  1 

M tri  the  axial  impulse  strength  r.  the  radius  of  the  exhaust  of  the 

vortical  flow  device 


p(I'r)W  •  2 xrdr 


*0  ^'2  "  ^7tT^r  1  j 


(6.65) 


C  '*  2. 27£* •3-21'”  -22  ov: 


"•-ger-tial  velocity ,  V,  of  ti 


^  •  x  — t-  „ 


exnaust  of  che  vortic  _  f  I  ~>v  evice  a.s  '.’si"  ao  the  axial 


:  _c'.:  epeco,  ..,  o.r.- 


Pressure  raf ■  eren tial. ,  &pt  in  terms  of  the  principles  governing  their  distribution 
along  r;  only  -..’hen  these  ~_xar. titles  acid  prin cities  are  ionovr.  ir  i.  -ri' 1:  tc 

integrate  equation  (C«(5)  ir.  order  to  solve  for  t’->?  vo-ti-*?  rTrer.~"h  run*:  -r,  ■’ 

If  one  already  has  the  vortic  - 1.  flov  •’e-icc,  it  ir  ••c~ri;-lc  -or  -  — 

d eta-mine  the  axi*!  irw^c  — <- .  to  ,  - f  th<=  ri~ ~_~v~ -.Oo  rrx,  *.•. — .rij  ^x 

its  moment  of  angular  momentum,  !•!  Q.  7ig  i.ty  fjs  ?-  i"  ’  uo-r- oi  „■  •  - . 

sible  tc  to]:  a  vortical  flow  device  a-d  ivst'l'  ;t  _r.  r 

and  to  install  at  an  ap-repriate  distance  cut  rid*  t erhaurt  s^oor-  for  - 

force  (for  'vary!*,  -  -  -•  - r-~ing  rup-o  "* fl  a  ?'■  •'  •  1  r.- _  •- 

o1 '  ix  is  -C  "S--  »  -•  r>-  —■*•£.  JVc  in-rlfn  •C-'-r'e  TO  Tr  TU  _  f  */  xv,. 

flow  device  is  in^all.r-'  i-  tv*  «xhr-ct  cf  the  ’-i"J  tur~el  ir.  xv'*  s- r*  "o-,.  ’  p-~ 
us®  a  sme-*h  v,cnr>*'  +vee  r-  ii>«™  diameter  to  sd^usm  +o  the  -crnic .1 

de-o.ee,  he  rc*'t:  :'  l  jet,  vhcr.  it  enters  the  round  tube,  newnesses  8.  V'r.;o '  ey  tp 
nr-l:p  the  r^onc  x”be  ~c"y  it  ir,  its  rotational  motion.  If  one  t*V-s  f  e  round 


r,^_,e„x  cp  or.gulr.r  nerv'-tum,  hg  .  Ir.  rr:er  to  post  be  able  tc  record  Pccur-’Te 
ata,  one  e*'!  insto.ll,  ir.side  the  after  portion  of  to*  round  tube,  ?  fence-lihc 
I  late  that  "combs  cut"  "ho  flow,  and  this  eliminator  the  momentum  of  ■"otetirr  t  this, 
rr  hm  a,  a4  point  I  o-tride  th°  exhaust,  the  absence  of  ary  type*  cf  flov 

e— ccpt  4V'c  *0' ini  rl sre-~d ,  V-'j  the  4 an sw 1 5. a  1  flov.'  sne°d,  T«0. 

Con  so  coring  ?ig  (.  tl,  if  the  sto.tic  pr*ssu"e,  p,,  at  the  exhaust  of  tVie  vortico.1 
^1 ovr  device  is  eq-el  tc  the  pressure,  vpt  of  the  su-ro-mding  environmental  gs-9S, 
then,  p-r£=  -‘j  when  this  is  the  case,  the  impulse  force,  l£,  that  one  measures, 

is  only  the  —te  of  ^hango  of  momentum  pe"  second  of  the  jet  as  it  collides  with 
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tv>e  blocking  plate.  If  ore  assumes  that  pW*  is  a  ruar.tity  distributed  evenlp  a.lcri£* 
the  radius,  r,  then,  or?  the  basis  of  that  fact,  the  axial  impulse  force  is 


Mi  —  j'‘  pW 1  •  2 *rdr  -  *pW\r\  -  r?) 

[*-fe)1 


(6.66) 


If  t'-'O  vertical  f]cv:  ‘evice  use?  flat  blades,  and  the  anple  cf  installati or., 
It  .  o ■"  -  - n  '•  a"? “  *h^  "-’^ius,  r,  does  rot  oharpe,  then,  .■rrc~  rhf  one  oar 

t’  _.t  V  =  H'tgd>,  ;  if  ore  ?”ecopnires  the  f'ot  that  pff'2  alone  -  dcftS  rot 
'her re,  then:,  the  nonorf,  cf  an pul a r  momentum 


“  |  pCFf)^  •  her  dr  =•  xpW2lg4>  j  *  2rcr2dr 
■■  —  rj)  —  A/’ «g<A  •  r, 


-feT 

-fey. 


(6.67) 


■-fe) 

3  ‘ 

l‘-fe 

T 

The  'Vert-  "i^-p  nvrher”  '  f  t’^e  r\np— char°'''  vertical  flow  device 


(6.68) 


hr.  ;  c  -  ••’is;  si-rlified  rr>thcd  cf  cu  tculation,  it  is  only  n^ceeearp  tc  !rc'..' 

the  intp-u  or  and  exterior  ,’~'dii  cf  the  vortical  flow  device,  r1  and  r^,  as  well  as 
the  e^rl*  cf  ir.st'  llaticr.  cf  the  blades,  ,  and  it  then  b°ccnes  -possible  to  solve 

xVx  r  *1-- .  ..a  ■  «  .*4...  ^  ^  v>.,^  V,  -  **  C"  !  ^  Of  lc  1-  4  m»Vtr  -h' - 

■‘•"n  "  i- 

.'.hen  ■*  "e  '’Vortical  st—erpth  rubber’’,  5  <  0.6  ,  this  is  called  a  ' .’e°klp  rotation* 

al  flow  in  v.’hich  there  is  present  or  Ip  ao  ertrenelp  weak  counter-current  flow  and  no 
eddies. 

’hen  the  ’’Vertical  strength  number”,  s>  0.6  t  this  is  called  a  strongly  rotat¬ 
ional  flow  in  which  one  can  find  both  eddies  and  areas  of  counter-current  flow. 
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?i£  6.13 

Rr.ririorl  Tlp-nurenert  of  Axial  lira"  1  se  Force.  K  . 

x 

>e  3.  ''inci  Tunnel 


2.  Plate  Ileasuring  Im—lse 


Fis  6.14 


"b'T'ftriment^j  Mf> 0 surerner t  of  the  Konent  of  Angular  Momentum  of  Rotational  Jets, 

1#  '•  c-iio' 1  Flow  Device  3.  ^low  Corrfb  Plate  4.  h7ind  Tunnel  5.  Torsion  5al- 

i 

Dec  12  The  Influence  of  "Vertex  Strength  Number"  £  on  Aerodynamic  Structures 

i 

! 

$ 

C1)  "1h‘=  influence  of  the  "vortical  strength  number"  on  the  efficiency  of  the  j 

icnl  flow  device,  . 

The  purpose  of  the  vortical  flow  device  is  to  "reduce  a  rotational  let} 


sinw 


ilnrly,  a  jet  tube  takes  the  power  of  lowered  pressure  and  tusis  it  into  the  kinetic*, 
energy  of  a  jet.  In  the  interval  between  the  intake  and  the  erhaust  of  the  vortical 
flow  device,  it  is  an^ropriate  to  use  Bernoulli's  equation, 

[^L  +  —  +  /,  “  a  constant  ^.69) 

J  r  lz 

The  '-ir^tic  energy*  put  cut  by  the  jet  every  second  is 

E  -  »  ‘0  +  WJ>  (6.70) 

1  —  ~'\r~  ^rie*- onsl  '>ov°r  disirat^d  by  ench  kg  of  e.ir  ss  it  flows  past*  if  one  assumes 
that  ydo°s  ret  change,  then, 

51  dp  _  — (pi  —  Pi)  ss  the  power  of  lowered  pressure# 

»  r  r 

^  r  —  ^  ^  ^  ^  r  ^  4-  *  <*%*-  •»*  c>  A  e-L  -  c/3  V*«  c  q  V»  f>  **t~»  c*  *t  "  Ti.  T  ~  f  CS  ClT  2 

vr f  wheel  huh  tir  'ru/r- )  ir  the  vertical  flov:  device;  ’••  = 


ES  6-15  ««*S»»»5SE<fc 

Fi G  6.15 

1 ,  The  Efficiency  of  the  Vortical  ^low  Device  Varies  With  Changes  in  S  2,  Vortical 
"low  Device  3.  A  he. dial  Vortical  Flow  Device  Capable  of  Con tro ling  ^ 

The  efficiency  of  the  vortical  flov:  device  is  *l«  which  is  equal  to  the  kinetic 
energy  put  out  each  second  by  the  jet  divided  by  the  power  of  lowered  pressure  each 
s»c end  in  the  jet  or' 
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— CJT*(1  4-  AS2) 

s  .  ■— 

^*(P.  -  ft) 
r_ 


(6.71) 


?ic  r,15  £'v'£.T>h.i cally  illustrates  the  vraiy  in  which  two  types  of  vortical  flow  device 
efficiency,  vary  vitl  ®uances  in.  the  vertical  strencth  number,  S.  If  nre  is 


:m  c 


■**  ncr  2  p*1  c/3. e  ?  y  *^}2nrj  j 


r.c  c 


t  j 


't.  ,  ”-r-  :  -••  i’'  **-<»  •’•erh'  r-1  f!  ov  device  has  a  hirh  —er*?  eel  strer  yth  nr*  *  -r, 

S  g?  1.0  #  ;  0—^0^+  thpa  the  ’"'oducticr  of  the  require'5  ■^oTexi oral  cr  ;  lev 

s-po ~d  p.vipp'"  a  lsrrc  wssno  differer.  tial  (p1-p?),  then,  to  that  extent,  the  ‘ in- 

r-.  — p..  xf-e  v»0  ~-r  "adiai  vorJ"‘~'l  flow  devie°e  v‘-iov'  a~c 
" -.r  ,'^v"  ^  *  the  gp  »i  o  pP  ir.  stalls  4  lev,  4*  sc  that  ft  a^— 

r recreate  for  di"''''‘®r®,nt  vertical  strength  numbers,  S ,  it  is  possible  to  increase  fu  • 

f  o)  The  influence  of  the  ’’vortical  strength  numbs  r” ,  f ,  on  tve  velocity  fir''. 

The  larger  the  vortic'l  strength  number,  S,  the  larger  the  tangential  rcr- 
ert  e  ~  ’-'lenity  c.f  the  rotati  onal  jet  will  be;  the  smaller  the  axial  component 
cf  *•** . '  •  -  .  i®,  tv«  larger  the  anfle  of  expansion  of  the  jet,  2  ip,  will  be;  the 

stronger  t®®  c'dies  are,  the  larger  the  diameter  of  the  eddies,  a,  will  be;  and,  the 
larg®r  the  amount  cf  gas  which  is  induced  to  roll  up  br ’'nr.rds,  t'-c  more  vie  Vo4'  4"  : 

•’  iff- si  0*  o'"  4'f'  turbiO  ent  flov  and  the  gr®~  ter  th®  aro’tn4  of  energy  that  is  disci-®®  - 
t «■•" ;  '  -  •  r-‘  '  .-.~o  th®  various  e.cn"onert  *r®’ociti®r  in  the-  . 

"adial  v«l o/'i‘L'*,  A"~‘" — ”®-‘-ial  velocity,  v;  axial  v®l ocity,  v— •  all  b®ecm®  at¬ 

tenuated  a"d  r  'duood  al  one  ~h®  y  axis  very  cuickly.  If  one  as  mines  that  x/d  a.t  t’.e 
exhaust  or  th®  ^ert'e®!  f  i  ov  device  is  eg  vial  to  0,  then,  the  three  compon®r.t  veloc¬ 
ities  on  the  cross  section  are  un  v  and  wn;  further  down  the  flow  stream,  for  a 
dif  "erert  voiue.  x/d„,  t  e  maximum  values  for  the  three  component  velocities  on  tne 
cross  soriior  e~:  v._,  and  v  .  fie  £.16  Graphically  presents  the  way  in  vhier. 
®:~r®rirner tnl  m®® m remen ts  show  the  attenuation  and  reduction  of  the  three  component 
velocities  alone  x/d.  The  three  vortical  strength  number  curves  arpi(J)  S  =  0,d7t 
®  S  =  -?.94,  end  <D  S  =  1.57. 

(j)  P®.®  influence  of  the  "vortical  strength  number",  S,  on  the  dimensions  cf  the 

P  r  **  CZ'*~  t  *t  ft  CV  • 

fif  ^>.  1?  s®ows  that  XVie  la.rger  is  the  ver+5  ®al  strength  number,  S,  the  larcer 
the  dimensions  cf  f-  p  area  cf  counter-current  flov.'  will  be.  ’.,rhen  the  seconda’y 
amount  c f  air,  Gn,  is  a^ded  fo~  the  main  combustion  aperture,'  and  the  penetretio’'  of 


51 


*«.ir 

( S,  «  0.78,  S,  -  1.04,  S,  -  1.43) 


Fi~ 


Fi~  6.18  ly  shov.’s  the  situation  of  distributions  alone  the  radius,  r, 

p'1  the  three  component  vectors  of  velocity,  u,  v,  end  w,  as  well  ar  f.  e  static  pros 
sure,  p  when  these  quantities  are  measured  from  a  cross  section  10cm  down  the  air 
flow  from  the  vortical  flow  device;  this  Fig  pr-cer."'  these  distributions  for  the 
oase  in  which,®  ,  there  are  no  flow  guides,  and,  (JH,  '-’hen  flow  glides  are  present; 
all  the  empirical  m~r.~ureTnents  taken  to  construct  the  grsvrihs  in  this  figure  were 


taken  assuming  the  sane  vortical  flow  device  and  the  same  vortical  strength  number* 

S. 


K«.T*  ®5E*n*  *«10em 

tt®±= P  i&¥& '  #■*«* 


X«  -  f  IB 

-  -.fc>  ■  *- 

•  ,  r’  e  distributions  Along'he  '  ad.:' us,  r,  of  the  Three  Component  Velocities  and  the 
ftatic  Bros sure,  p,  as  ?>-■  ~ured  or.  a  Cross  Section  x  =  10  cm  Down  the  Flovr  Stream 
/’rcm  the  Vortical  Flow  device  for  the  Casos^^'Then  There  Are  Ho  Flo1.:  Oxides  ard^*^) 
..'her.  Flow  T-uid^s  Are  Present 

Charier  7  S'-.o-'t  ’  isons--;  or  of  the  Theory  of  Jets  with  Basic  Bcuations 

C;o  1  "  p<R>r.*  !•?  ’"aneters  cf  Turbulence  Free  Jets 

Fig  7, sho’-’s  a  two-dimensional  turbulent  free  jet  form  with  a  width  =  L,  a 

v r  •  ,~^t  =  2h^t  arc  an  amount  cf  flow  ~ut  out  b->r  a  narrow— crack  jet  =  G  ,  That  is 

'  c 

»r<  I"®-'  e  rr*r  jnx  f "  eoD'"  o  s®^  of  v,cnc.  --er  eous  ~°ses  vrhi  ch  are  excelled  into  a  space 

■•>.\thcux  h-i^--  hird®"®-  or  "x°ly  steered,  Tie  uniform  speed  cf  the  jet  when  it 

1  -  ~  jusx  l  eft  xh“  jet  nornle  =  u  ,  The  naxirur’  flow  speed  for  each  of  the  various 

o 

o-”cr~  sections  on  the  axis  cf  symmetry,  x*  =  u  ,  The  initial  momentum  flow  rate  cf 
a  stable  jet  at  the  jet  nocr.lc  =  K  .  The  jet  induces  the  surrounding  gases  to  roll 
hack  on  +r.»n selves :  it  induce?  turbulence  diffusion,  and  it  induces  the  cross— cur¬ 
rent  exchange  of  mass,  momentum  and  energy.  The  farther  out  one  goes  from  the  jet 
norTe*  xke  more  iy”m®rous  ar®  the  surrounding  gases  which  are  pulled  along  by  the  je 
and  the  smaller  is  the  amount  of  energy  contained  in  each  unit  of  mass.  Therefore, 
the  -width  of  the  jet,  2b,  is  quickly  enlarged  and  expanded,  so  that  the  axial  flow 


speed,  u,  for  the  various  cross  sections  are  gradually  reduced  to  lower  values,  tti 
the  basis  of  methods  for  the  investigation  and  measurement  of  flow  fields  by  making 
them  visible,  it  has  been  discovered  that  jets  can  be  divided  into  an  "initial  stage" 
and  a  "basic  pattern  stage".  The  area  between  the  exterior  and  interior  boundary 
lines  of  the  jet  is  called  a  "turbulence  boundary  layer,"  V.'ithin  the  boundary  layers 
large  amounts  of  turbulence  flow  cause  pulsations  in  the  masses  of  gas  so  that  they 
■’Tib  agai" si.  o*oh  cth*r  at  a  high  frequency  and  a  high  spe°d  causing  friction:  the 
viscous  shear  stress,  ri  ,  is  much  larger  than  the  corresponding  shear  forces  cf  stres 

-  rasr  u_.  ;  j  #  :  *  .  ---•  i 


A4! 


•  ch  rth  r  snootily,  'T 
V'--un  *  nr"  vi-eco-’t--- 

"  '  %J  ■  '  w.  —  v 


»  V-  » 


zz  ■ =r  iru'*h  as  sever  cl  h'r.dn'r  tires  larger.  The  ~~r' ie  cf  change  of  the  turbulence 


shear  sxreeo 


fT  ,  in  tie  y  '.free tier,  (®*r/0)O  has  a  decisive  influence  on  the 
■' i ■•xrih ‘t  I''*'  c  "  thc  or f  a.l  flow  sr-^ed,  u,  along  y. 

Tie  -nr"  fre  the  j-t  r.ooole  to  the  point  where  the  boundary  layers  core  iego- 
•* er  is  xhe  initial  si'~^.  it  is  also  the  length  of  the  jet  core,  s  ,  The  flcv: 
snc.  at  the  various  crcs-  secti^s  of  the  cc r°  cf  the  jet  are  all  eoual  tc  the  uni— 


;n  value,  u 


f  one  t.oV 


the  ~’c  external  boundary  lines  and  extends  then  in 


the  opposite  direction  to  the  eur-ent  flov,  then,  they  will  intersect  at  the  origin 
point  (  also  colled  the  point  spring)  0.  The  distance  from  the  origin  point  to  the 


The  -eculiar  char  of  y’.  'zr  cf  s  xurhul ence  free  jet  is  this—  the  social  flow 
• — --•>*•= .  •• ,  ~zt  x‘'o  .'—><•  i'  "  Tic  ast''#r  stage"  at  various  cross  soctic^s 

hag  disxribvu: or.s  along  y  which  at  all  .Tv°m°d  by  similar  principles  of  rules; 
ro -a:"'-r,  ,1.t=  h'”e  no  -  1~  rirre  ip  to  the  ISeyncids  number,  He,  loo’:;-  p  rx  it 
o7”  x"  *  — ^  ■- .  -  *i'*  ■  --y-  xh«ory,  u  '  s  a  rondo77"  variable,  Th--  location 

of  the  ■'•arirus  individual  t,.v"bulerce  air  masses  changes  randomly;  however,  vner 
cne  is  a7'-  the  e*T-~  g-  '-alu»s  “•  -  M  p  largp— scale  collective  movements  of  tnr- 

«c  r  i"  :  a  fire,  it  f  -  po  • -i'-lc  to  'row  the  preb*  bility  (  that  is  to  spy, 

hr-.:  big  to c  chorees  are  or  vhaJ  if-  osoibility  is)  for  the  appearance  u  at  - 
c  ore. tin  set  o  "  or  -  r'ira.t=>s,  Z/*  v=-  tr l:e  ox  a.s  the  axis  of  symmetry,  £  y  tc  be  tne 
horizontal  coordinate,  and  the  aooial  flow  speed,  u,  to  be  the  vertrcs.l  coordinate, 
then,  or  the  basis  cf  measured  data,  it  is  possible  to  draw  the  distribution  curves 
fe r  distributions  along  y  for  the  flov;  speed,  u,  for  different  cross  sections,  x, 
from  the  jet  nozzle  on  out  (Fig  7,f  (a")  and  Fig  7,1),  These  curves  are  all  similar 
laussier  r,r"nal  distribution  curves,  The  jet  nulls  cn  the  sur"77'7nding  gases  and 
makes  them  roll  up  on  themselves  along  or;  it  also  increases  the  amount  of  common 
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pas  flow  en®  reduces  11;  therefore*  the  common  gas  flow,  C>C«,  The  jet  expands  and 
develcns;  however,  the  axial  momentum  flow  rate,  M  is  almost  maintained  uncnanged# 
At  any  given  c~oss  section,  x,  the  coordinate,  b,  of  the  determined  u  =  X  u^ 

rep”osents  half  the  width  of  expansion  of  the  jet;  the  angle  of  expansion  of  the 
jet  =  2  a.  If  one  takes  (y/b)  =  n  to  be  the  horizonatal  coordinate  and  takes  (u/ 
u  a  f (  i)  )  to  be  the  vertical  coordinate,  then,  the  flow  speed  distribution  curves 
for  different  cross  sections,  x,  are  all  induced  to  "become  a  non— d.imensionalized 
curve  as  shown  in  Fig  (b).  This  is  precisely  what  is  known  as  r  wav--  form  self- 


lie  black  dots  or 


d'rT>'r,z,2_r,}9^'  ■ 


theory. 


ta;  the  ■’ontinuous  curve  is  figured  out  on  the  basis  of  To  linden 


S»c  2  ri  m  cT  Tu t  pu?_ cr  c? 

"ithir.  the  basic  cr  S'-lf  patterning  siege  of  a  turbuTer.ee  free  jet,  Ahe  fl-w 
speed,  tempe~ature  and  concentration  at  any  given  point  all  behave  in  the  form  of 
irregular  pulsations.  Instantaneous  narejneters  -  avenge  time  parameters  +  pulse 
na’-ameters.  If  we  take,  as  an  example,  a  tvro-dimensianal  jet,  then, 

n  —  O+v  v—  ;*•+▼' 

The  ave’nga  time  value  for  the  amount  of  pulse,  u*  a*-1*  v*  are  bcxb  ed”""1  to  -®ro. 
.icec™ to  the  Trend  tl  theory,  on  the  bar’s  of  the  concept  of  the  fr°e  movement  o'" 


-  -  ~  p ■'/ - 


r-C  r-rvoT"  n"  J 


ravel  of  ire  ■cumuj.er.ee  mar  ror_c5 


i~  e""d  ore  or  f 1  ov;  r"ixing  d'ct-rc®,  1.  If  one  measures  the  pulse  flow  sp°ec, 

u 1 ,  the  avo-'-.gc  time  fix.'  nne°d  gradient  -(db/Sy):,  then,  it  is  possible  tc 
'°igrr:  orx  the  mi*'irg  distnnee,  1,  as  fellows: 

•  -•*.«- 5  i:  —  1-  ®~url  tc  thc  r.i”ing  distance  tin°r  the 

'l".;  ”g"'  g — di®nt,  v  ich  is  approximately  egual  to  u'as/(do/d>)  (7,1  J 

According  to  t"  e  cc~cepts  cf  elastic  dynamics,  we  can  imagine  that  the  turbu¬ 
lence  gas  bodies  are  stretched  out  in  the  x  direction  due  to  the  influence  of  the 
pul s" J i ~r s  and  shortened  in  the  y  direction  for  the  same  reason.  This  works  both 
ways,  'uierefcre,  the  pulse  flow  speed  along  y,  v* ,  and  he  pulse  flow  speod  along 
r,  u’,  a~e  directly  pTco-tidra! ;  however,  they  have  oppostie  signs: 


— v'ocu',  — *'  at  /(dfl/dy)  (7.2) 

Irsi^e  and  o-’xside  the  bo'm’ar;’  layers  of  turbulence  free  jets,  the”e  are  no 


solid  obstacles  to  hinder  g a?  flow  pulsations;  therefore,  it  is  possible  to  con¬ 
sider  the  nixing  distance i  1*  to  be  constant  in  the  y  direction. 

resides  this,  f^om  Fig  (7.2)  (b)  it  can  be  seen  that  the  ratio  of  flew  speeds 
for  various  cross  sections  of  the  basic  pattern  cr  selfrrpatteming  .stage  (u/u^) 
follows  the  pat-em  curve  of  the  non-dimensional  coordinates,  n  =  (y/b)  i£  a 

probability  density:  curve  for  a  Gaussian  normal  distribution.  Therefore,  it  is 

« 

possible  tc  recon gnise  that,  fact  that  the  mixture  distance,  1»  for  different  cross 
sections  cf  a  tvo— dimensional  point  spring  cr  point  source  turbulence  j^t  a t  in 

**  '  ■"(*1  b "J"  ‘  ^  *o  c  ^  -  *  ,3  + V  ^  V\  ^  ^  4  V.  fs  <>•  q  (*>  -»•»**%  -J 


l  - 

Prandtl  assumes  that  the 
b,  cf  the  turbulence  boundary 
speed,  v’ ,  as  follows: 


fib,  p  “  proportional  constant  (7.3) 

rote  of  expansion  and  development  of  the  half — vif th, 
layers  is  in  pro  portion  tc  die  ho  riror.tr.l  pulse  flow 


db  •  ,  00 

—  ocv  as  —  /  — 

*  0y 


» 


(7.4) 


The  flow  speed  gradient  cf  the  various  cross  sections,  (0o/0y)  is  proportional 
to  the  height-to-width  ration  (u^/b)  o"  tv>e  c  ■  -■>  -  '  -  tributior.  curves  for  these 

cress  sections,  u  —=  (dx lit),  ixru.  ;  therefore,  equation  (7.4)  becomes 


lit-)  gs  constant 
diJ 

( -tt-\  M.  .  & 

'dt  J  dx  dt 


*  ^  *  (n./^)  constant 

-*  constant  —u_ 

dx 


•  u- 


(7.5) 

(7-6) 


If  one  compares  equation  (7.r)  ‘to  equation  (7.(')» 


it  is  possible  to  determine  that 


—  =  a  constant 
dx 


or  b  =  Co:  (7.7) 

Fig  7.3  shows  that,  in  the  basic  pattern  or  self- patterning  stage  of  the  jet, 
if  onr  connects  the  constants,  (u/u^),  for  the  various  cross  sections  into  a  straight 
line,  then,  that  line’ is  the  radial  line,  t*B“  (y/*)  ,  which  st-.rts  at 

the  pc  ini  source,  0,  and  moves  out  at  r  constant  angle  of  expansion,  a  » 

The  conclusions  in  this  section  a~e  also  appropriate  for  use  in  the  self-pat- 


4  C'  ‘vvi  n 


sucr-es  c*'  the  axi-pmetric  flow  fields  of  round  jet  norzles. 


All  that  is 


r.n 
✓  i 


o 


necessary  to  make  the  transition  is  to  chance  bfc  into  (2 r  )  and  y  into  (r). 

“0  x  c 

Sec  3  Gaussian  ’bmal  Distribution  and  Probability'  Density 


’..11011  one  is  -oing  experiments,  one  measures  a  certain  physical  parameter  n  times 

these 
Les 


•and  obtains  the  " r ta,  s^,  s^,  s,  ...  s  .  Dhe  averse  arithmetical  values  for  these 
1  •  p  n 

data..  4  "■  — 2*i  0  •“  1»  2,  •••*.  ,  have  the  hisfrest  proh'>bilitie 


an-  a  "a  ale  so -t  to  the  antra'  v-2ne~  of  the  na 


J7}Cr‘  JFTU.T^i  #  IJlG  j.v 


p-^as'.'.rc t  -r'n4  -  ^ .  -A.#  r.en  th**  ^irtriV'V.ti^-  i**t.'^**^l  cf  ^rrorf  A»i  *  ir  rr»c*l" 
enough,  a;:'  r.e~  Sur-G  values,  s,  which  fall  in  the  range  ^eir’een  q  and  iy  +  Ai;  arc 

not  -io”c  rumorous  than  1,  then,  it  is  possif*  o  to  recegni-e  the  following: 

r.en.  the  error  is  n  ,,  the  probability  of  the  me--nr-d  value,  ,  apnea  ring  is 

&\  =  Ky  i)a»j5 

her  t'-o  error  is  h  of  tho  probability  cf  t'->e  m®.'.sure5  value,  sot  a-pearing  is 

&>i  =  Kyi) &y> 

iisr  *t  c  ir  n  #  y  Jba‘  v^lxiOf  s ^  ^^rir.r'  ■  r 

-  Ky.)Ay>  1 

'  -  ir  n  >  •:  probability  cf  the  measured  value,  s  ->  r  -“.ring  is 

=  Kyj&v. 

f  (n  1  is  -alio'  t;-o  pro’s'  til ty  •'••—-  -ity  ‘  ~  •!  <  normal  r  i  rt"’  at- o~  -  ®  e — *c- 

nat  is  meant  by  this  normal  distribution  is  that  tho  op  -  ortunities  for  tho  a — .-?r  - 
roc  c"  tv  * ?  error"  r"'  gr-  t.-r  f ’■  or  the  o "po "trait!  -  "or  the  arpearar ee  or"  ’-rgc 
errors,  a'*1  — ,  at  t.  -c  peert  vhe—e  ij  —  0,  tho  arch-1--* '  1  density  ~-o ''ah'--  its 

nani-Tur  v-nue;  tr.®  fropr.ency  of  op;  c"tmit  ’  or  for  ■  ;  -  a r-oorance  of  er-’crs  '-’hich 
are  opual  in  magnitude  but  have  opposite  signs  arc  the  same,  which  leads  to  the 
ract  that  tne  proh-bii  ity  distribution  in  guos-ti^n  is  the  aerially  symmetric  curve 
with  y  —  0.  ’  -o  •o’*nh“h  "Mty  c "  tho  q-  cr*"or  ’-'hich  i -  of  mao' inu-  v-^u.c 

a  -PpTO  si  go  5S  unusually  small,  that  is  to  s-y,  :/(±oo)-*-0.  . 

rocause  ef  tho*  *'  c^  thpt  o- oh  of  tho  v-o-^i one  m°-sur®ments  ar»  t-.hen  cf  mntu— 
al'y  unrelated  ©vents,  tho"efc"e,  tho  total  probability  of  the  simultaneous  appe-r- 
ance  of  th.o  various  tyr^s  of  measurement  errors  is  the  p-oduct  of  all  the  probab- 
'’liti--: 

&  -  KvOKyi)"  'Ky^-  •  •/(ij.Xai?)"  (7.8) 


If  cno  takes  the  logarithms  of  th-  two  sides  cf  the  °nuation  above,  then,  one  obtairr.’ 
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ln^  —  la/Oli)  +  in/G?j)  +  ••• 

+  Info')  +  nln(Ai)  (7.9) 

Sino<=  the  average  arithmetical  value,  A,  is  the  maximum  probability  of  appearance 
of  the  measure  value,  then,  la  &  should  have  a  maximum  value,  and,  differentiatinc 
over  A,  equation  (7.9)  oupht  to  be  equal  to  zero,  A»i  is  unrelated  to  A. 


_  d  In  f(r„)  d^  +  d  In  f(y3)  d^ 
dA  di)\  dA  dtfr  jjA 

+  . .  4lk.  g  Q  (7.10> 

.  . ,  „  .  . ,  x  — <4,  dy./dA  *-  —  1 

erav.se  of  the  .  r.t  that  ' 


df(yy)_.  +  diilhl.  4-  -  -  -  4-  4K.Ui).  »  o  (7.11) 
drj(r\i)  dij.i(ii.) 


If  one  assuror  the.*. 


<K>!.)  = 


dj(v.) 

dtl.Kt].)  ’ 


1,  2,  •••» 


(7.12) 


therefore, 


then,  e-uatior  (T.1'0  con  bo  written  in  the  form 


i«i 


A^roT'inp  +c  the  method:-  us--x>  for  sol  vine  d:  ''"''r-ntial  equatin' s,  takp  >4/0li) 
ar.'  r-~-r  ont  it  i  the  form,  f  -m  e*:*  .".or  tia!  series 


—  C,  +  C*.  +  +  C^J  +  •'* 

♦(ijj)  —  C#  +  C,7j}  +  Cjiji  +  C,ij J  +  •  *• 

4>(i J.)  **  C,  +  C,ij.  4-  C,i£  4-  Ctf \  +  ••• 


Prom  equation  (7. 1 3 ) i  we  obtain 


2 

<»i 


•  * 

nC,  +  C|  ^  »ji  +  Cj  2  *!* 
i,i  i*i 

+  C>2tf  + - 0  (7-10 

<•> 
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It  is  necessary  first  to  sa+’^fy  equation  (7«1?)  and  then  the  various  quantities 
in  equation  (7. 14)  will  be  equal  to  zero*  and  the  constants*  Cc*  and  so  on  oust 
all  be  equal  to  zero#  However*  from  the  definition  of  an  average  arithmetical  value, 
it  should  be  true  that 


2  *»'  -  2  (*  —  'O  —  2  *• — "A  —  °  (7.15) 


■-1  .-I 


In  equation  the  footer  of  C„,  2  ^  is  already  ecual  tc  zero.  If  t*-'c 

i  *  1 

numbers  ar--  mv.1  riylied  together,  arc  one  cf  then  is  equal  tc  rr-rc,  then*  the  other 
one  cannot  Loir  but  bo  oqur.1  to  zero}  therefore*  it.  is  not  no"-  ■  c -  ■  for  to  b- 
equal  to  zero.  Because  of  this  f°ct,  from  equation  we  can  obtain 

' hen  •••*’  solve  for  the  irt'-'-ral,  ve  cht- in 

In/  Cl)  -  -  C,ijl  +  InK,  or  f(v)  -  tf/1” "  (7.16) 

.  2 

'.'her  ?“0.  f(r )  re?ch®.«  its  maximum  value*  K;  when  v~*  ±00,  /Gj)-*0. 

~he "efc"'5*  from  equation  (  7  » 1 4  ) »  ve  hnev  that  C,  must  have  a  negative  value.  If  ve 
ac~urn  that  ^  C,  a  —  h~,  then,  we  obtain 

Kv)  -  K -  Kexp  C  -A  V)  ■  (717) 

too  or3  \r  7  tc  the  '’ha"'1  ct»ri  s”ios  c3"  a  Gaussian  normal  dir,tri>Tution»  thc  irter'— 
ral  of  the  probability  density,  f(*j)  ,  between  ±00  ought  tc  be  equal  tc  1,  And,  if 
e  oe  of  a  o^rt^iu  n°"  '■v."'*3  "a’v,.rotr>r*  s  ,  ie  o orsidere'3  to  always  be  sigr"- 

1  "ant,  thou*  the  rrc"  • "  il c/*  t '  r*,"no  of  the  ya”are~- r  is  equal  tc  1 ,  and 


it  v.’il!  obtain'1:'  ann-'-r: 


^  -  1  (7.18) 


If  v®  assume  that  Aq  »  x.  dij  — «  dxfh,  *  then,  because  f(n)  ar',f7"*0  are 


arisyrretric 


2  a:  I*  *-•*—  -  —  1, 

h  k  1 


therefore 


K  -  -7= 
«/** 


The  probability  density  function 


K^>  -  -j=  e-*V  .  ,  -  0,  m  -  -7=;  (7.19) 


h  =  the  accuracy  factor  vhich  det' mines  the  elope  of  the  probability  density 


curve. 


If  one  assumes  that  "  a-J 2*  *  ^hen,  *r  -  the  "standard  deviation "  or, 

as  ?t  i a  also  called,  the  root— re ti  —square  of  error  or  deviation  ’doich  t  - v in  -  s 

~  *  e>  xV\f>  —  'vxVpV*  *  f'1' 1  ’*^TC' t  ^  -1  1'  "^3 r-i ■f'  ^CZITV^ 

distribution  of  the  ’'rcvability  density'  function  is 


1 

aVT 


/(^)-— ~r-,/k, - ~exp(-j£)  (7.; 

®V  2*  aw  2*  '  2(7*/ 


If  tvk®  ”  =  an'  substitute  it  into  equation  (?.ty),  th®n,  it.  is  possible 
: '  Z""^c  '  oV-*--  in  •  •  r  s"  or  or  deviation  function: 


Sec  ^ 


~=  P  -  crf(A^)  (7.21) 

V  * 


Basie  "Equations  of  Turbulence  Jet  Fields 


Co- '•err in p  xh-  esse  -f  a  j»t  vhich  is  viscous,  compressible  and  composed  of 
r- ~"r"  '  "cir  p  irp**l  i«d  ir+c  an  unlimited  space,  if  the  Heynclds  number, 

,  u  ~‘’r~c  ^ ov.T,  f  ■'*  x  •  s  r'o sci bl ®  to  Ahst  xh°  f  1  of  ms-s  ■'S  div— 

tyte  layers  cr’  si  type  pc  vhic.h  lea.ds  ty  P  i^-tyar  f  1  cr.  If  ve  ar-nme  that 'V  = 
Ahe  ”ractor  cr  flov  s*>ce",  p~  —  -  " <7”“ ^ 4  ty ,  ^  nC  3Fo'.',  p  — 

pressure,  an-  ve  igner®  gravity,  then,  tb*  vector  form  of  the  n-cimwianal  Stokes 
equation  is  «-ir  *1  - r  A-  e',naJ‘i->n  (3,31),  cr, 

P -£L  -  -Vp  +  i-pV'(V-V)  +  mV1  •  V  [N/m’]» 

-3 

,  (7J2) 

In  actuality,  turculenr’e  pet  fields  are  large  and  small  vortical  masses  rolling 
c,roT  ~ ? ch  'o' 1 2 p “tin  TV**?  r>in.r?’.,riotr'!*f?  crj1  pep ass 

u  —  0  4  u%  v  ■»  f  +  V,  w  —  #  +■  w',  f  m‘t+  p’t 

t  —  f  +  7*,  p  —  p  +  p\  pu  —  pu  +  (pu)' 

and  sc  on. 

Because  of  the  fact  tha*  the  vcrticrl  masses  rub  arninst  es.ch  other  producing 
friction  and  excessive  ,,xurbulorice  flow  st-ess"  (  normal  stress,  a,  and  shear  cr  tan- 


gential  stress),  the  tensor  for  turbulence  flow  stress*  II*  has  a  mutual  correspond— 
ance  with  the  tensor  of  the  average  time  value  of  the  product  of  the  pulsation  vec¬ 
tors: 


T**  T«i 

I 

T*f  <Tm 


— (pu)'u'  — (pu)'v'  — (pu)'w' 
—  (pv)'u'  — (pv)'v'  — (pv)'w' 
— (pw)'u  — (pw)'v'  —  (pw)V 


>  r— dimer sicnel  for  a  turbulence  jet  flov:  field*  one  should  in— 

clud°  divergence*  ^  •  II*  of  the  tensor  for  the  turbulence  flov?  stresses  (  also  called 
Hepr.cl'c  stresses),  that  is, 

p  2Y_  =  -ve  +  pvJ  •  V  +  i-  pv  •  (v  •  V)  -  v  •  n 

Dt  3 

(7.23) 

If*  in  the  con ’oust  ion  chamber,  the  flov:  speed  is  not  high,  y  ^  60  (n/s )  *  then* 

Jr  simplify  manipulations,  it  is  possible  to  ignore  compressibility,  that  is  to  say, 
p  =*  a  constant  and  does  not  change;  ir  such  a  case,  in  equation  (7»25)»  quar- 
i*y,y.y,  which  stands  for  the  "divergence”  c-s  the  flov:  field,  is  equal  to  zerc. 
is  r  "--ctj  t''p  lir-nr' »~v"tior  fcr  a  t,’r"  v"  erc°  jet  flov  fi-ld  v?kick  is  nc~ 
cc"  res-ihle  and  ha*  on  c-  iv-  lent  viscosity  car  he  sirnlified  tc  read 


p  4-  pV  •  VV  —  — Vp  +  pV2  •  V  —  V  •  H  (7.24) 
at 


hr  in"  s  ~e  "tiler  ear  ''.~v r’ir.af0  in  r *  y,  e:*d  z ,  if  vre  take  the  averr.gc 

time  velocity'  rcr’p'-rer'tef  u.  v*  err  vT*  and  ad*  them  to  the  pulse  velocity  components, 
v.* ,  v’ *  and  v* ,  and  use  these  components  tc  replace  the  instantaneous  velocity  com- 
-a*  v»  crr"  *.<•  t'  on.  ■  — r  i' g  tier t  the  viscosity  of  l5" :nar  flow,  ” 

*  (p/p)  ,  and  v'c  cm  -pi in  tier  ir. tc  the  three  equations 


ao 

+  « 

da 

+  •4*-- 

1_ 

9£ 

a/ 

Oy 

0* 

P 

dx 

+  V 

(«*+ 

V0*2 

dja 

0y2 

+  *°\- 
0»V 

(du*  +  du’v 
\0jr  dy 

a? 

+  n 

*. +  1 

■  *1 

M 

0: 

0* 

0y 

0* 

P 
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(ao/Sy) » (eo/dx),  (ar/dy) » (ar/ax). 

_  -  t -  - ' > 

'  '  ‘  ;  '  “  ■  •  '  “ 


i_  a£  . 

p  dx  ^y1 


_  _j_0£_8l 
*=  P  9y  9y 

i"+^-0 

8x  8y  . 


fln'v' 

by 

(7.27) 

(7.28) 

(7.29) 


-  #■  p 

P< 


wax')  -  (**/*)  -  * 
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• ....  ->*>-■•  ^bni-i-tutc  i-1 


,  .  „  f  -»  **  ^  ■*•'•  r»»*  « 

>--  t:.  i  \  i  •  *  /  ?  " 


,as  +  ,e»__i4!t  +  va-f2 
~S  a,  fit  v  •» 


Ox 


(7.27)  (a) 


--  : 


/  V)  - 


■^atT* 


r-i-  "  ■’•  "f 


.  ’ 


—  -  r  C'~  .  w.-* 


.x  x„  (rfp,/*)“0. 


r  90  x  t  0C  » I A  f  « AO  ■+•  A  _A(— puV) 

‘a7  87  7  87V1 “a,)  r  e, 

-if  (t.  +  o) 

P  dy 

n:.,;  c>-r  "cr--,  *tj*  rT-rw--p?7 
-••v--1:.  ■*■  r.-c-*,  ft  -  -e  - -  *  .  „ _  T  ^  n— r 

— w.e  _ - .  V  —  Z-  -  >  ,nt  -■  '  - 


j.  v  *v -.  r..^. -r-  -e  c 


nclccu?. CR.  **-  .  .  ..  ,.o*»  „8e  v  _  to  rerrsser t 

xr„  --  our  dirmrsicr.  o  —  •~J  -  -- 


■  ■■  c  'r»  '  ^  ,  c  _  .  —  ■ 

♦  ^ -  v  * 


x.„  i-  ^r-=-  '.or o- 

,,  *•- «».  •sVie'-r  fcrrt»  f  T* 

vi  „  t"  i~"ore  the  .^0“ -  ■  •*—  1 


■  in- 


-t  *  v-’  r^r  ~;.  £ 


t_  Jc  represent  i--"'- 


J  ^  V  ~  h  ^ 


,r  r- >«.  ?I. -v*8,  V-r.l  r.t 


~---V.-,we  can 


obtain  the  basic  equations  fcr  ?  ?-~ 


-:'.trcef  r.rr. 


- ercZ-lCj 


'r  r-  ,  “1  ,->>1  f*p  .  I  O'’ 


^1  -  •  r-  -  { 


du  ,  ,  flu  -  A 
u  6*'  9y  p 

in  +  Al  -  0, 
dx  0y 


(7.30) 


(7.30 
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See  6  Zh  teemls  of  Koracntun  Jcuations  ard  Force  Net  Analysis 


Trie  a  loo1-  at  Pip  7*3  "to  Pee  vhat  happens  ”hen  a  point  source  disturbed  jet 
i.?  ~  'o'  j  p>*  ^ir  ?  i~  ■  ~  ^  *** ~~-r>  *.  ©'  *^v*  ro*^  ^*c  rt  •  A  r*  '*  *tc  i3.n0 

l.’C  i,'TiC2?^  r  *“*•»?  ‘  i*  Y  j  *j'1'ror>  ,  “*•  ^  r*  'ie*  o,"n9^Q<'  f^ool**  ^  c  ~  ~"e2  P  V.^f  « 

induces  the  pesos  arour~  itself  to  "dl  ur  al<r£  the  pr  th  o'"  the  /'jov:,  and  this 

i.**  cr*  h*r  p  ^ ~  ^  •*  #  T ^ ~ ?***_’$ **  ■*; v  p  ■*'*0  ^  •L*  ~  r*cr'Tr”  ci*  py  i-  7^- r  * 


^  ^.-r  Ar  — 


3Z*rvr,R|  2. ?  J ' 


e,  !•:,  cf  tr* 


'  arris,  an’  th*>  f'.ct  that  it  ’-’ill  he  epual  to  1'^  ar.d  ’’ill  he  conserved  a-d  vnclrr.pinp, 
'ror  the  srir-  li-e  of  tire  jet,  y  =  C,  to  y  —  oo  ■ ,  if  v?  i  t-r:'-  te  e^reri-r.  vT«30)» 


<7j;) 

*?;*  solve  •L,--.?  three  integrals  in  epuatior  (7.3?),  then,  ve  pet 

'  JT 1 ■  k d*  -  i  T  Jr  <-'^y  “  i  Jr  i’ 


^  TK. 


",+,S ‘"to'' 


.  o  r\'y,'-_  ?> 


»  ^  -  — ■  *i  mw-n  r*  p 


when  >  =“0,  u  —  u,,  v—0;  when  y  —  oo,  u  0, 


therefore 


v»c  f  v, r>  r> ' 1 ~ 2  *t i ° ^  l{*r*t  si.o<?  or  ^ruatior.  (  / •  7* 2 )  a.i'e 


f"  du  ,  /  f*  6u  ,  -  f*  8u  , 

').  ub7,,,'+<’).  ’  a^*~2fl  ‘to* 

~£\m 

dx  J« 


y-e  +•^>,•1  ence"  sh®nr  force ,  tj “  — ^hjV,  when  y  =  0  arc  v*  =  0;  "her.  y  -  oo. 


. ’  '  ’  -  ",  th<»  r:yh*  -:"r  -f  -1’.’- i~  '7.")  - 


pr.p’-'ritf,  /- -r  J  ^2.c  f  ^ 


r-x  .* . 


—  [  puVy  —  0, 
dx  J* 


2  |  pddy  =»  A/  **  Mo 


v  constant  —2  pft,uj  (7-33) 


lorcem  iny  an  er"ltne.iiw  e~  equation  (7».~)»  ’■1'c'  folio  winy  conditions  egylys 

a  flat  3«t  norcle  with  a  v®iyht  of  2b  ,  a  width,  of  1  perpendicular  to  the  surface 

of  th»  illustration!  a  jet  ncor.le  flow  speed  of  u^!  and  an  initial  momentum  flov.’ 

rate!  V.  =  2**miS..  fecaus®  of  the  fact  that  the  surrounding  yas®s  are  induced  to 

roll  nee’'  u"  on  themselves  an'5  ad~  tc  the  amount  of  flov?!  on  the  aons  line!  the  f  1  ov.T 

p'loe'1 ,  u  ,  eleny  x  is  reduced;  however!  the  momentum  flow  r"te  of  the  jet  is  still 

maintained  in  a  constant  st-te*  sc  that  K  =  ¥.  , 

fee  1  of  thr’s  chanter  talhs  about  the  fact  that  the  patterned  function  of 

flow  ?rpg<3  distribution  in  the  self-patteminy  stay®  of  a  jet!  f »  only  varies  with 

ohanyes  in  *  and  does  not  vary  with  changes  in  x,  that  is  tc  sayf 

1 U 


—  —  /G?)>  ij“=— ,  u  —  tWO;)  —  u./; 

If  one  assumes  that  the  rule  ac~ordin£  to  which  the  flow  speed,  ur,  or  the 
axis  line,  reducer  to  lov.'er  vr-.lues  with  chancres  in  y  can  "be  written  as  u,oc*' 
f  7.34)*  then,  the  rule  a^ccriin"  to  which  the  half-wi^th  of  a  qet,  b,  expends 
•  th  chances  ir.  x  •••ill  he  boot*  (7.3=). 


—  i  pu'd y  =  —  (  pvLbfdr,  =  0,  *=  W>2j 

dx  jo  dx  Jo 


v.  and  h  dc-  net  vary  with  eh?n~e~  in  V  ,  and 


4-pb&  (“  fdr,  “  0, 
dx  Jo 


Acocrdi n~  to  equation  (7«?r)» 


a  constant 


i-  (6vi)  *  0 
dx 


f*b“  )  V.5'.- 


*V.  “"t  VTlir'  __  e  v**~  ,  r  -  o'"  •*-  9 


According  tc  vector  r*et  auajyc  is,*  it  shovuc.  ne  true 


/  -  -  .  > 

\  -T  j 


(7.7-5',  that  nemo 


:t  (hu~  )oc*°  ;  according 

xr**rccxt  ,  &-  5 


q  ■+■  2p  «■»  0 


(7.36) 


^4  ""  or  *t  **  pul*  (?)  ”  pui*  (7.37) 

vhstituti^^  the  last  Quantity  i"to  equation  (7.30)  we  t 


16? 


If  v/e  take  the  nattemed  function  u  =  u  ,  a  d  substitute  it  into  equation  ( 7. 3'  ) » 

ITu. 


then,  the  two  quantities  on  the  left  side  are 


t—  xh‘3  equations  above 


&s. _ i_  _ 

db  V-  b' 


..  dj  ,,  __  db  »  d  u„ 

'“V  j7'  “■ 


6u  .  <  *  *7  .1  . 

~  -  fu.  —  u,f  —  i  ; 

Qx  <!> 


3u  ...  ul*'  _ 

u  —  =  u„u.f  -  -5=-  Vff 
Ox  * 


(7.39) 


u~b’  ^  rfdrt  — 

u„i'  (^ij/  —  ~  ^ 

-  2kjr,  •* 

dy  fly  dy  * 


^  (V  -  r  £/*»}  -  (7.40) 


J-P  -to  *'iVr  0rllP. 

i-i-n  ( 7-3- )>  t-'en, 


dy 

-r  (7.3"),  an'9  ( 7.40)  and  substitute  then  into  equa- 


—  UmVmf  J'  1*V 


166 


~  (f  -  f  -  br\]ldV  -  Z'  (7.41) 


In  equation  g*  on  the  right  side  cf  the  equal  sign  is  nothing  but  a 

function  cf  ij  }  therefore ,  the  various  quantities  on  the  left  side  of  the  equal 
sion  rust  a!"  so  simly  be  functions  of  7  •  Xi  these  conditions  arf'  to  oe  sates.'  csd 
th.r„  it  it  t.rttt,--  f  «d  (&=)  -  r.ti  -it:  <*•.-.•  ir. 

xf  that  is  to  say,  K  x*->  »  x>,  ,  so  f  =  1. 

If  v’c  substitute  this  into  equation  (7« *  then,  v;e  obt?  in 


’--V 


U.OC  JL  and 

V  * 


(7.42) 


See  7  Curl  Intake  C-nr  Volume  Theory 


1°  t *c.  ensure  a  d ' o i cf  "!  ■er r~'e,~ diuch ar  to  t/j.e  snr.^'  cc  0;:e  i  lustr'ticG 

i  -:he  ini  tie  1  jet  gr  -clvno  of  t'u-  flat  jet  1-  7ig  7.;  is.  ^ 

'Se  :f  *I.e  fact  that  the  surrounding  gases  on  ir. iur.ed  to  roll  up,  the  g?.s  flc 


vcl'me  for  a  riven  cross  section  cf  the  jet  sonev.’he"e  dour,  the  flow  is  Q  >  £)»: 


e  - 2  !>• 


*  i.  "  Ar  <** 

v’hich.  is  equal  tc  the  rate  of  increase  of  the  g-.s  volume  along  x  (jn'/m’s)#  (?••" >) 
Or.  the  a- is  li^e,  the  faster  the  flcu  speed  is,  the  stronger  is  the  strength 
zr  ;  e  fo re  inducing  the  surrounding  rsss  to  rold  up;  the  gathering  cf  the  flow 
o--'  J’’r.e  '-vT'ccndir <■*  p=<;t>r  'long  the  nr  is  line  a^^s  t.<~  jet  t“icv’,  end  the  strong0 

Ahe  inducing  force,  the  stronger  this  tendency  i~;  therefore.,  v  ar.d  u_  are  in 
'""'t  '"'c  pc  "tier  with  e^ch  ether. 

If  «e  asnjre  that  a  =  the  coefficient  of  roll  induction,  then, 


V'j 


•hich  does  net  vary  with  chcnres  in  x;  because  of  this 


—  ("orfy  -  «vu»,  or  ifL  (■„*)  Ifdi)  -  <mw 
dx  i*  "i* 


ja rouge  of  the  fret-  that 


a  constant 


dx 

£2 - ocx£. 

u. 


,  s'uS,  on  the  basis  of  equation 


-re 


f  -  r-  ' 


:rue 


~at 


ui.6  4-  u.,6* 


4.  r*-< 


2  x’-'oc*0. 


;  ^  "U  r  —  1  # 

Aoccr  "t-C  p^l'.3,v?  on  (  ~  #  ~  {*  }  „  ~  -r.  P  =  **  5  r-~  *  '>  p  c  f»->  _ 

'Fro-  the  straight  3in°  ’’adiatinc  cut  from  the  "tint  source  0  in  Fin  i  p- ' 
i  it  cor  ho  seen  that  half  the  ’’i^th  of  the  jet»  "b»  ~cr  .i:v 

:ith  y,  'hy  o'-r'^riner.tption,  it  c~n  be  induced  that 


£  «•  igo  *  x  Be  0-lx,  o*  B  0.053, 


Chapter  8  lurbulence  Jet  Flow  Speed  Distribution 


Sec  1  TJSP  of  Mix  in"  Distance,  1,  to  Obtain  a  lyric?.!  Plow  Speed  Curve 


Dne  objective  of  research  into  jets  is  to  make  it  possible,  cn  the  basis  of  the 

dimensions  cf  the  je+  no-yle  month,  Iy2b  or  n  r  and  assuming  one  already  knov's  cer- 

0  o 

tain  initia1  conditions,  such  as,  criminal  flow  volume,  G^,  (or  the  volume  of  ga.s 
f ^  ),  -h<~  original  flow  spe^d,  u_,  the  temper-’ t’ire,  T^,  the  concentration,  c  , 

®  ~  * ! t;  ,  (>:  ,  -  :  ”•  ~i-p' - - t:~  Her  ’-xct  Kn,  arc  th;  criminal  -re-ure,  r^, 


•  --  . -  ~f  ‘o’  ’  —  —  - -  -c 

nr  a r  vm  - —  '.ha4-  o*^r  -'’"''■’d”  know0  certain  bo’.'n - ay  conditions,  such  as, 


th»  -elocity  cf  surrounding  gases,  u  ,  pressure,  p  ,  density,  ^  ,  as  well  as  T  ,  and 
sc  cn,  to  e'-'nr "inatc  cr  adjust  rhysics!  pa^amet^rs  which  are  &!  re  °  " y  known  or  are 
coin^+ai  fer  use,  mch  as,  constant  -pressure  specific  ho^t,  y,  r-’te  of  thermal  con— 

i 

--not;’'*-  -h-  tu-’-'u'' e^cc  ^  nv,  k,  turbulence  f*  ow  viscosity-,  ,  i :  c  coefficient  cf 

(  p>-  ^  r»  y  *  fa  £  Isi*'  a.  SG*  C  f*  ■?  » 


+*  ■*  '  *)  ^  r  •f%'’  /‘v  '  ■'  «  *  <r  * 


veic**1  «  --»•  nr  ^  re-  ( 

rio  o'*  the  of  turbulence  flow  ’rr" cry  layers.,  and 

to  r,;1vn  these  equations  for  ^he  velocities  cf  je-1  fa  ow  ^i^los.  the  rules  revoming 
tenop’ot'^  an'  cancer  ^ration  distributions,  the  rate  of  width  pvpar  si  cn  of  jets, 
(c'h/dr)  cr  th*  wy’f  ms ion,  0I  art  the  ~  ■  volume  "a tic  of  ir’’ur-'  "i".  v; . 

(  j/\ )  >  1,  ’fhese  Jat-  and  material  have  -e^a-ence  value  fer  f  *  '  iy  !r;  o'* 

bustier,  chamber-.. 

If.  in  7-  r"«  ~r'*'5r-  ~r  e-^tions  (7.'),  (7.2;,  f 7, 3 >  ( 7*7>*  iJ-  os 


tt  —  —  pu'v'  ■**  p/3 


au 


8y 


p((?C») 


3| 

a>. 


(8.1) 


Ine  right  si-c  cf  equation  (7o0)  is 


U«a  .  i  AUcvIlin  -  2CfC)V 

p  By  P  dy  l  I  dy  >  J  I  dy  t  0y 

(8.2) 


part  C  a-e  heth  constants,  an.  1  it  is  possible  to  deterrine  values  for  them  by 
erp-rimer  ta^ion,  If  one  a- -uines  that  2  (pC)s  =  a*  =  a  constant,  then,  equation  (8,2; 
'-an  b»  writer,  as 


J_  Sfj  _  _8u  8k> 

P  dy  .  .  .  By  By1 


(8.3) 


In  erd'-r  to  make  eclu+icr.  easier,  first,  sepa-mit^ly  d*a.l  with  the  io-’o  quantities 

1(c 


* 


on  the  left  side  of  equation  (7*30). 

Prom  equation  ?)i  we  know  that  u»oc  x”S  and,  if  we  as  rune  that  the  rotio 
constant  is  n,  then,  u,  -  n/y/7  (8,4). 

If  we  use  <f>  =  (y/ay)  as  the  horizontal  coordinate,  then, 

(8.5) 

If  we  utilize  the  average  time  flow  function 

4>  —  thenu  =  ~-s  v  «*  —  (8-0 


F  -  j/(*)<^,  /(*)  -  -  F' 


nr  - ~ihle  to  chtrir 


rT’h?~v"c"', 


*  =  jurfy  =  ju,/(^)  ■  axd<t>  .  . 

“  •  fC4>")d4>  =*  ««  /7  *F 

-  -  an  (——=  ~  */7  F'£) 

V2 V  *  ^  */ 

£-£(7?') -£(7?-') 

_ _ L  nf" _ q__ 

I-  X  y/  X  -J  x  x 

-TT7(?  +  -")- 


u  -  uj  -  —  F' 
V  * 


(8.10) 


_5u  _  _a_  /  «  -A  »  i 

®y  V7  >  vT  « 


(8.11) 


—  -  -  6F"  .  M -  "  F,„. 

dy2  &4>  dy 


And,  because  of  this  fret,  it  is  also  true  that 


—  — T  -  * V  _  f!  F»F», 

P  dy  dy  dy2  x 2 


(8 .12) 

(8-13) 


If  \t9  ~ri-c  equations  (s.'!')t  (£.'.?),  ar.  c 

O  o 

(7«30),  elinir.aiinr  the  cerr-on  factor,  n"/r“, 


(S.lj)  and  substitute  then  in+c  equ 
then,  it  is  possible  to  obtain  ‘ 


~(t  F/I  +  *FF’')  +  (*F'F"  —  ~  FF")  =  F"F' 


2  F"F"  +  /?Fw-f  F** »  0. 


on 


2F"F"'+—  (FF'>  -  0 

d<f> 


(810 


-f  v«  re^rr  to  ?i~  7.'  ('" )  *r.r  "if  (7»:)»  •-  '  o"t  the  boun^arj'  conditions  of 
ei,  t *r er, ,  ’ her. 


y  **  8>  V  mm  8* 

(u/o  «/(*)  -F'(*)-ls, 

v  —  0.  v  -»  (  </>F’ - —  f),  therefore  F  (<#>)*“  0; 

->/*  V  2  ' 

rT  —  0,  (drx/d>)  —  0,  (du/9y)  *  0,  therefore  F "(<#>)“  0; 


and ,  when 


y  “  OO,  »?  -  OO,  4.  —  OO; 
(u/u.)  -  /(OO)  -  F'(«0  “  0; 
»x-0,  F"(oo>-  0. 


IT] 


'The  level  of  violence  of  the  exchange  of  nomen  tun  which  occurs  when  turbulence 
flow  air  masses  rub  against  each  other*  pulsate  and  diffuse  is  called  the  "turbu¬ 
lence  flew  dynamic  vi s  costly",  ®  *  Mt/pC®*/*®].  The  turbulence  flow  equiva— 

lence  viscosity,  pT  —  pe,  therefore,  the  turbulence  shear  forces  are  equal  to 
the  turbulence  flow  equivalence  viscosity  times  the  average  time  flow  speed  grad¬ 


ient, 


rT  —  pe\ 


(8.17) 


Accor’ in y 


n  -tl’s  theory  cf  mini rg  cli -tones,  the  turbul ence  f! 


forces 


_  _  ,7  3u  da 
9r 


(8.18) 


:**  sr5o  eo-re  — r  e-usticr.  (2.17)  an*  eq-jr  •  "  •  (2.12),  then,  it  c-n  he  seen  that  "t— 

'ulence  flaw  dynamic  viscosity”,  e  —  p(d u/dy).  From  equation  (7.;-),  on--  car  < 

Lair  tv«  f'-ct  'hat  I  —  fib,  ar.d,  from  looking  at  Fig  (7.2)  (a),  one  o.r.  see  tiiat 


From.  equation  (7.~),  c:v  car  oh- 


-  (du/dy)  ~~  "trivut‘ on  curve  for  flow  speed,  u, 


=■—  -  -  o 


iy~  t  ere"; 


is  ir  -’ir-oi  — "i-„  •!:*  hairht-to-viith  *rtio,  (v  A), 


c f  the  curves;  xhe'’efc”e, 

f  —  a  constant  **(«./#)  —  *r  -  p4W««/9y). 


(8-19) 


>t  vo  ocr.ri’  r  the  &if 'V’crtieted  control  layers,  do:*  1,  (Tig  2.1),  (s  t’ick- 
r. ess  of  1  perpend icular  to  the  surface  of  the  illustration)  which  ar®  contained  with 
in  the  bound-ry  layer'-  cf  the  relf-pe'1  timing  stage  of  two-dimer, onal ,  point  source 


"isturbcS  fr°e  : ets.  If  we  ignore  gravity  and  suppose  that  th0-'  is  as  even  expans¬ 
ion  of  pres.-r-  - ,  then,  l)  the  momentum  flow  rr.tc  cf  entrance  fa:  for  the  control 
layer,  dx«  1  =  pwdt  *1,  2)  the  momentum  flow  rate  of  exit  for  the  cental  layer,  dx* 
is  equal  to  dN,  and,  3)  the  turbulence  flow  friction  applied  against  the  boundary 
]  ayer  =  * T  •  dx  •  1 

—dM  »  d  |  puVy 


therefore",  the  irrvnulse  force  equilibrium  of  the  boundary  layer  is 


puvdx  4-  i 


®8-i  Cx^»*g.«*g#Rf*3fittS«'*¥IS 


' ,  lr  ■ '"  1 " c  ~ '  ~cc  Do'.'i'i" — \\v.'~  o "  Portnoi  L~yo—  Self— -Tatt^zr  ir^i  3t.e  <~p  pf 
“nsi^n^-l  P^ir.t  oourc'5  ~Mrt'U"'nei?  Pre--5  Pet  ",  Er- ;,e3ia]  Botcv’e.r;-  of  Jet  Pi ov; 


j  *  ’-'I.-.  <n_^  **")  i,  p  x  TZ  V  "M 


-r  .©r»*£-  po-i  ^  v 


Ir  one  a.r "'-tr,50  thet  t- °  flo1'’  st>-P(?  rr.tii 


;  -  '’■(?)  - 

•  *..' ;V.SI v^;:-  ct^i) 

cons  tant  £  -  f5^),  ^  — ’  ~ p.  ^  — J 

\*  /  Obr  ,  ■_>  JT-;-  Oy  * 


(8.22) 


The  ai,r''v’';  ro  time  flcv  function 


CTC0.0  flov  ip 


_ d<b  ^  _  Q  \»V  *  jpl 

v  *"  Qr  dx  l  cr  J 

"  f  £  _  j£.l  -  -  Uf'  -  —  f]  (8.24) 

<r’-2\/*  2 


riic  -.o-  r-i*T.  curort)  Ls 


s>  8; 


fl  [wy/*  _  »•/  *  JT '  9?  „«  ”_-  f 

a ly  l  <r  i  <r  &y  J  x 


(8.25) 


du  1  ^  _8_ 
dy  !  dy 


[  "  r'l  _  JL-  F"  ^  -  — ~~r  F" 
V  *  J  V'  *  9y  ry/  * 


(8.26) 


P’h°  t\v"brler.ce  f*l  ov.'  sh^ ~ t  fencer  ane 


Hffl  ~M*u’»yL/TFl* 


rcp'.i'sz  ;f  the  f'-rt  that  b  *•  Car,  C  =  a  constant 


bherefc'e, 


r,  -  *«£>  •  y=  r- •«.  -M«»sr-  (8.37) 


if  ve  t-Jce  equations  (?.?•') f  (£*?0  and  (8.?7)  ajd  substitute  them  into 

eqriaticm  (s.20J,  then,  it  is  possible  tc  obtain 


* 


liiMM 


FF'  +  JfcC^F"  -  0 

2 


•  If  one  selects  a  — 


iJkc 


then*  2FF  4-  F"  *  0, 

obtain  F*  +  F'  **  K 

If  ve  consider  the  boundary' 


.  If  ve  then  integrate  this  equation,  we 

(8.28)  . 

conditions  as  they  apply  in  Pig  8.1,  then,  '‘her 


—  - 1, 

then 

F'(0)  -  1 

U*. 

rT  -  o; 

then 

F'X 0)  0 

v  =  0, 

then 

F( 0)  -  0 

y  -  CO,  I  -  CO,  U  -  0,  F'(w)  -  0 

r  ■—  0,  F"(oo)  —  0 


'Y  0-r.i  j..i~,-  the  bonderr*  conditions,  it  is  rossible  to  obtain  F1  +  F*  1  (8-29)  . 

Th~  solution  function  of  the  differential  equation  (8.28)  is: 


he  e-u?-; 


F  °  *(g)  -  ^-30) 

e '  +  <  *  1  +  ,  **  .  .. 

p'  c”r".T  ''lev  mood  distribution  is- 


F'  -  —  -  1  -  thXf)  '  ..  (8-31) 


f  - 

\  •  . » 


a -ife-msJ-i *<•£)]  <«.32) 


In  Table  8, 9  one  or.  see  the  sclution  data  which  Gcertler  compiled  on  the  patterned 
curve  of  fi ov  mped,  F'({)  -  (»»/u-) 

Ch  the  basis  of  e”perimentetion,  the  constant  tr~  7*67.  Ife  already  hnow  v.  an* 

b  and,  '.'hen  this  is  tve,  we  car.  solve  for  precise  values  of  n  —  3.5WX; 
c 

u.  -  —  *  35u<^ 

v/7  ‘ 


A  - 
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•-  r  • 


“stance  -  -  Crtair.  a  T'-'rico.l 


p-nVi'ur  abort  ih~  r.v..hir~  to father  end  pule® tin £  v* .ieh  is 

.-Cv,£  v,-  av~v„,~  <v*  vortical  r»e< — **•  -p  «  tur baler ce  fl.ov;  jet  flow  f :  el d  and 

vc  "i'f'sn""°v- 1  r"  - 'r~nomison?n  cf  momentum,  energy  and  mass,  The  pulsa¬ 
tion  r  -cf  vo ■’•i teal  masses  c'^an ~e  Tidcm1  y ;  thoTfcre,  it  is  only  necessary  tc  use  the 

m  ea  ~\~L£i  ^  p  Cl  ■*"*  V.”  "*  i^~L '  ’  ^  c  ^  i  ?  n  "tip  £*0^*  th°  2.V0"***r  *  3.0V* 

n,  0#  ar.d  ^  ^  tine  tender’  xv,,c  ar d  the  a^Tc— ne  ttne 


ne  irr.ivi:.  .jj.. 


■lire  turbulence  sh*»r  ^cre^  3 


^ut , 


~c  on* 


~ity  flawf*o*  ;  4*r.«  • 

and  so  cr.» 

Reinhardt,  or  thp  hr  sir  cf  exnerinent-tion,  has  precisely  measured,  in  turbule- 
-eo  flow  fields,  the  d£  stributior  of  momentum  density  flow  in  the  x  direction 
along  the  cress -fir-  direction,  y,  and  these  me-sus-ements  are  similar  to  a  Gaussian 


normal  diotrilTuticn  (C ’  r- 


:): 


Ti.  the  bound a ry  layers  cf  non— corrresrible,  average  time  eouival er ts  of  stable 
sxo.tes  in  tvo-dimen-ional  disturbed  jets,  the  momentum  of  jet  flow  in  the  axial  dir- 


ection,  ■  is  conserved  so  that  M  -»  M„  *=  2£0pui  .  Concerning  the  expansion, 

y,  of  jet  "boundary  layers  in  the  x  direction,  there  is  a  change  in  width,  "b.  Due 
to  this  fact,  +h°  reduction  of  impulse  force  along  x  is  equal  to  the  momentum  density 
fl o’..’  of  diffusion,  that  is  tc  say, 


-~~(.p  +  P&)  -  (puv), 
ox  oy 


d  /  i>  '\  du\ 

a7(y  +  cJ)  +  ^“° 

of  th«  turbulence  flo' 


he  fact  that  lh<=  vio'-er. 


of?;;  op 

greater  than  t'-  c  agitation  momentum  that  is  trsnsf'-red  by  molecular  motion  f 
an'7,  because  it  is  else  true  that  the  turbulence  flow  is  several  ~imew  large 
*h?  sly  an  cr  tungntial  forces  of  the  boundary  layers,  so  that.  rT  »  tl>  i~ 
Rivlo  i on c ”0  the  ^’nario  viscosity  r f  ler  v*a.r  flov?,  vasO. 

I"  one  ir  considering  th«>  expansion  of  a  jet  in  an  environment  of  const 
^hor  f  p  pnir  1  t.c  a,  p-^^*  poren «?o  qP  *thi.s  fp.ctf  #/ar-o.  . 


f  fusion, 


*r»  n?n 


'v*  "roq  — 


.•  '116*  "t  c  “  i' 


6u2 

dx 


duv 

a7 


as2  e _ 

°»  orftr““*a7(nv) 


(8.33) 


i  -he: 

p av  ,  is  in 

Or-  -1 - - 


v  t;..  s~ula  *  a:  she  -  x;.e  ;  -•  e-  su."  ’  -  ■  '  flow  cf  c".~.  s~—".y — e*~t  'iffusion, 

Ir**ct  pro  portion  with  tie  reg'tive  gradient  of  axial  momentum  2«=-  e.‘  ty 

Q 

_  (po7)  ,  If  '■’»  g-'oro  that  A  is  °cv.al  to  a  r'xio  ”0’"‘- 

dy 

;"t renal  constant  whirr,  is  also  called  the  momentum  diffusion  Mss::n''e* 


puv - Ap^-,  Or  UV  =»  —  (8.34) 

Oy  Qy 


If  v,e  merge  equation  (3,1;)  with  equation  (3.34),  then  we 


aaj  .  ata ! 

dr 


(the  dimension  cf  A 

(8.35) 


is  length) 


If  th°  momentum  diffusion  distance,  A  ,  is  actually  e  constant,  then,  equation 
(8.33)  is  linear,  is  a  second  degree  partial  differential  equation  with  a  parabolic 
shape,  an-’  has  the  same  form  as  an  equation  for  thermal  conductanbe.  The  standard 
solution  is  a  "deviation  function."  However,  due  to  the  fact  that  £,mm  A(j*)  ,  this 

will  be  a  good  d--,l  nc-e  complicated  than  solving  the  thermal  conductance  equation. 


^78 


Ihe  standard  cr  normal  function  we  have  "been  talking  about  in  this  section 
(equivalent  to  a  probability  density  function)  is  net  a  flow  speed  ratio  (u/u^), 
but,  it  is  a  momentum  density  flow  (  or  dynamic  pressure)  ratio  (j> As¬ 
sume  that  the  non-dimensional  coordinate,  tj  =  (y/b). 

According  to  the  conservation  cf  axial  momentum  and  self-patterning  cr  normal¬ 
ising  conditions,  it,  is  possible  to  know  that  the  momentum  density  flovj  on  the  axis- 
lir.e  and.  t"-»  hal  f— width,  b,  c  ~  xve  boun  'ary  laye~  of  a  point  source  jet  are  inversely 


(Oil 


2 

m 


per  ‘  "**  f5 "t ^V. p  n f_ c? 


4  '.’•CVeirl  Si? 


1 


-j  n 2 

iC  —  — : 
b 


(8.36) 


•  ft  rz  1. --2*  C?  G "t  9.  co^- 


-  ^  r-, rv ■>  **“»>rr* 


/(•;)— ^=s  therefore  u3  =  .f!/(r) 


pu 


6>7"r>C5'y’-JTien' 

m  ori  pf  -p 

■  flow 

-/(a) 

b 

(8.37) 

|H2=_f:^[/(,)  +  ,/(r)]  ) 

dx  r*  <ix 

OUJ  B3  N 

®r  =  *1  r(r) 

6v;  A’  ' 


(  8 .3  S  ) 


-•  i'-  o"  r>~  "r  ~i 


t  T  -:N 


—  [/(’?)  +  ilXy')V>  ~  “  Af"(»?) 

dx 


(8-39) 


;  -  -  „  _ran‘ t! 1  s  rioting  'ir:ar.o-- .  1,  (•.>*  equation  7.'  and 

«q-i3-ir-  A  =  C£,  b*=Cx,  (db/dx~)  —  C;  ;  or. 

Jhir  basin,  is  po — i*  le  *o  ro -•*•••  late  that 


r  \ 


A  —  *  —  *Ci»  C**, 
dx 

that  is  to  say  tha.J  th?  if 'hisior  distance  of  momentum  density  flov:,  A  ,  varies  v.'ith 
1  in* nr  changes  in  x#  Because  of  J'i.’s  fact,  equation  (f.3?)  cen  be  simplified  to  rest 

fOj)  +  «jf(0  +  *o>)  - 0  <®-40) 

?y  in  teg — ting  equation  it  :s  pos  ible  to  obtain 
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V 


](if)  “  sb  Ct  "™  Cfcxp  4-  C*  (8.41) 


According  to  the  boundary  conditions  for  a  point  source,  two- 
dimensional  free  jet  (See  Figure  7.1  and  Figure  8.1),  when  y  ,=  0> 
fl-O.Kq)-!.  *  y-  ±co»*7“  ±c°.  Kv) 

Because  of  all  this,  one  can  precisely  fix  the  integration 
constants  C*«*0,  C»»l.  .  And,  on  the  basis 

of  this,  it  is  possible  to  obtain 

/(»?)  “  «P^—  or  uJ  =  uiexp^—  (8.42) 
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Section  4.  Initial  Phase  Flow  Speed  Distribution 
for  Flat  Mouth  Jets 


Let  us  assume  that  the  height  of  a  flat  mouth  jet  *  2bg.  The 
initial  impelling  jet  flow  speed  is  distributed  evenly  along  y,  and  is 
equal  to  Uq.  The  initial  volume  of  flow  is  Oc=2boUe  •  The  length 
of  the  jet  core  =  Xq,  and,  within  the  core,  the  axial  flow  speeds  at 
various  cross  sections  are  all  equal  to  Uq.  After  the  gas  flow  leaves 
the  rim  of  the  flat  jet,  0,  there  is  a  sudden  change  in  flow  speed  due 
to  the  fact  that  the  gases  in  the  jet  make  contact  with  the  stationary 
gases  in  the  surrounding  environment,  producing  vortical  turbulence, 
inducing  the  surrounding  gases  to  roll  up  on  themselves  and  form  a  turbulent 
boundary  layer  which  is  also  called  a  "mixture  layer" .  OA  is  the  interior 
boundary  of  the  mixture  layer,  and  A  is  the  end  point  of  the  core  of 
the  jet.  OB  is  the  exterior  boundary  of  the  mixture  layer  (Figure  8.2). 

On  the  external  boundary  line,  the  axial  flow  speed,  u  =  0.  The  angle 
of  expansion  of  the  interior  boundary  line  =a  The  angle  of  expansion 
of  the  exterior  boundary  line  =  °2  and,  the  width  of  the  mixture 

layer  at  a  cross  section  x  =  b  =  C^.  The  turbulent  flow  dynamic 

viscosity  =  {bUt  —  ACjtl/,. 

According  to  Equation  (8.19)  one  can  assume  that  the  turbulence 
shear  force 

rt-rtCtU.lfi)  ,  (8.t3) 

At  a  cross  section,  x,  let  us  assume  f  -= a  —  is  the  independent  variable.  Then 
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-r2-  =  — 3  a  constant  cr 

dy  * 


u*F(f)  Q xF  = 


u  It  20“  “  ~  v  (8  48> 

~  CffOf ')  -  trap"  SL  «  F-, 

&y  dy  dy  * 

y  “  ^r  ~  F)  ~  F“  -  ({F’F"  -  FF**), 


(8  49) 


(8.50) 


The  basic  equations  .for  a  flat  mouth  Jet  are  still 

u  ~i  +  v  —  ^  1  9rt 

dy  p  Qy  (7.3h 

J*L  _  _  du 

.  dx  - .  (7  5j 

If  we  take  the  equations  from  (8.48)  to  (8.50)  and  substitute  them  into  equation 


(7.30),  then. 


—  ^  f  F'P"  +  —  ilF'F"  —  FF ")  > 

MS 


0 


This  can  be  simplified  to  read  2  ^C«rF"' +  FF"  *•  0  .  ’  (8.51) 

If  we  assume  that  the  relationship  of  the  constants  is  4  -» -L  (this  can 


be  checked  by  experimentation),  then,  F1"  +  2oFF"  ■■  0  .  (8.52) 


The  boundary  conditions  are  as  follows  (See  Fig  6.2):  when 


when 


y  -*  F'(-«)  -  —  -  0 

u 


y^oc,  {-+00, .F'(+oo)---- 


(8.53) 


In  order  to  solve  equation  (8,52),  Goertler  utilizes  the  infinite  series  below 
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(8.54) 


cF(g)  -{  +  Ft(f)  +  f,(g)  +  -  2 

<-0 

rF^-g 

If,  on  the  basis  of  equation  (8.51*),  we  solve  for  the  second  degree  and  third  degree 
derivative  functions  and  substitute  them  into  equation  (8.52),  then,  it  is  possible 
to  obtain  a  series  of  closely  similar  solutions 

—  —  oF'  —  1  +  (  exp(  — *1)^*  “  1  + 

u  V*  J* 

or 

—  —  0.5  +  —p=  (*  exp (— *J)  -  Y  t1  +  erf(pl  (8-55) 

u«  V  * 

The  deviation  or  error  function,  erf  (  S  ) ,  in  equation  (8.55),  can  be  determined 
by  consulting  tables  of  data  which  are  already  available.  These  can  be  graphed  out 
in  the  form  of  a  curve  as  shown  in  Fig  8.3.  If  we  already  know  F' ,  then,  we  can  in¬ 
tegrate  to  solve  for  F,  and,  on  the  basis  of  equation  (8.47),  it  is  possible  to  solve 
for  v. 


Fig  8.3 

I.  Flow  Speed  Listribution  Curve  Within  the  Mixture  Layer  of  the  Initial  Stage  of  a 
Flat  Mouth  Jet  (The  Solid  Line  Represents  a  One-dimensional  Approximation,  The  Bro¬ 
ken  Line  Represents  a  Two-dimensional  Approximation) 

According  to  experimental  observations  and  measurements,  the  constant,  ~  = 

II. 0,  the  interior  boundary  expansion  angle  is  equal  to  the  half-wedge  angle  of  the 
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jet  core,  «,aM.8°  ,  the  exterior  boundary  expansion  angle  o»a«9. 5°,  and  the  width 

of  the  mixture  layer  b  —  Cx3£  0.17 6x\  The  induction  roll  up  gas  vol¬ 
ume  ratio  (Q/Q0),  in  the  initial  stage,  is  approximately  equal  to  1+0.035  (x/bD). 

The  length  of  the  jet  core  is  x0asl2A,  .  Therefore,  at  the  end  point  of 

the  initial  stage  of  a  flat  mouth  jet,  the  induction  roll  up  gas  volume  ratio  ( Q/ Q0 ) 

already  reaches  an  approximate  value  of  1.42. 


Sec  5  Round  Aperture  Jet  Boundary  Level  Equations 


The  shape  of  axi symmetrical  disturbed  free  jets  put  out  by  a  round  aperture 
with  a  radius,  rQ,  is  completely  similar  to  that  of  jets  put  out  by  crack  apertures 
or  flat  mouth  jet  nozzles  (See  Fig  7.1,  Fig  7.2  (a),  (b)),  and  they  can  be  divided  ini 
initial  stages  and  normal  or  patterned  stages.  In  the  normal  or  patterned  stage,  the 
distribution  of  axial  average  time  flow  speed,  u,  in  the  cross-current  direction,  y, 
is  also  described  by  a  Gaussian  normal  distribution.  The  jet  expands  in  width  along 
the  x  direction.  On  the  axis  line,  the  maximum  average  time  flow  speed,  u  m,  atten¬ 
uates  and  drops  in  value  along  x.  The  half-width  of  the  jet  boundary  layer  b  ««  Cx, 

C  =  an  experimentally  determined  constant.  When  a  jet  enters  a  gas  at  rest  with 
a  uniform  pressure,  pe,  there  is  a  roll  up  induction  flow  speed,  ve.  If  we  ignore 
gravity,  then,  the  axial  momentum  flow  rateAf  —  M,  —  *rJpuJ  ■»  a  constant. 

If  we  recognize  these  jet  fields  to  be  average  time  quasi-stable  state 
flow  fields,  then,  local  acceleration  =  0.  Concerning  the  fact  that  the  turbulence 
shear  forces  are  much  larger  than  the  laminar  flow  shear  forces , (rT »  rL),  it  is 
possible  to  ignore  the  laminar  flow  dynamic  viscosity,  v.  Because  of  this  fact,  the 
Reynolds  equation,  (7.24),  for  a  non-compressible  disturbed  jet  flow  field  can  be 
simplified  to  read  pV  •  vV  —  —  Vp  —  V  •  Tl  [N/m1]  . 

Q8.56) 

If  we  make  use  of  cylindrical  coordinates  in  x,  r,  and  0,  then,  the  average  time 
velocity  in  an  axial  direction,  77,  in  a  radial  direction,  v,  in  a  circumferential  dir 
ection,  w,  as  well  as  the  component  velocities  of  pulsation,  u' ,  v' ,  and  w'  can  all 
be  expressed  as  cylindrical  coordinate  values.  The  form  corresponding  to  the  average 
time  product  of  turbulence  flow  stress  tensor,  17  ,  and  component  velocities  of  pulse 
is 


<r.. 

r„ 

r,» 

f  f 

— pu  u 

—  pu  T 

— puV 

r,. 

<r„ 

T* 

‘mm, 

— pvV 

— pvV 

— p  V  w' 

r». 

r* 

— p  w  u 

—  f)  W  V 

w 

If  we  take  the  average  time  values  and  add  them  to  the  pulse  values,  for  example, 
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(u  +  u' )  and  so  on,  and  use  these  new  quantities  to  replace  the  instantaneous  values 
or  u,  etc.,  then,  we  can  take  equation  (8.56)  and  expand  it  into  three  momentum  equa¬ 
tions  for  an  axisymmetric  jet: 

In  the  direction  of  the  axis,  x, 

9a 


°  9r  + 


Along  the  radius,  r, 


v  ^  _ _ '_1_  dp  _ /  9uV 

'dr  P  6x  \  9* 

,  9uV  ,  l  — * — ' 

+  — - r  —  u  v  ) 

9r  r  ,  }  *'_•  , 

dr  -W.*  fry  ?  i 

*  »'  4a  ?  ~  "r~/. 


.(8.58) 


(8-59) 


Along  the  circumference,  0  , 

9* 


+♦£*+*!. 
9r  -dr  (r 


_  _  (  0  wV 

\  dr 


+  -g.y_v  4-  ; 

dr 


*r) 


(8.60) 


If  one  is  consiaenng  non-rotational  jets,  then,  the  circumferential  component 
of  velocity,  w  =  0,  and  its  derivative  functions  are  all  equal  to  zero.  According 
to  the  special  characteristics  of  boundary  layers 

£»£• 

Besides  this,  from  experimental  observations  and  measurements,  the  radial  and  circum¬ 
ferential  normal  stresses  of  turbulence  flow  are  generally  equal,  that  is  to  say  that. 


pv  y  “pw  w  . 

On  the  basis  of  these  postulated  conditions,  equations  (8.58)  to  (8.6c)  can  be  sim¬ 
plified  yet  another  step  to  be: 

In  the  axial  direction,  x. 


d  *2.  +  v  90  _  _i.  9£ 

dx  dr  p  dx 

_  f  dTiT  ,  1  d  ✓ 

!“  +  7  arc'“  ”  H 


(8.61) 


In  the  radial  direction,  r. 
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—  —  JL.V?  ,  dp  —  —pd(7V) 

P  Or  dr 

By  integrating  equation  (8.62),  one  can  obtain 

9  “  *•  —  P*7*7  > 


9p  __  9^>,  _  8vV 
dx  dx  dx 


(8.62) 


(8.63) 


If  we  take  equation  (8.63)  and  substitute  it  into  equation  (8,6l),  then,  pe  is 
equal  to  the  stationary  pressure  of  the  environmental  gases  surrounding  a  jet: 


Q  «£  +  ,  |5.  _  _  _L  _  J.  X  (r?7) 

Sr  Sr  P  dr  r  flr 


_ /  S  u'u* S  vV\  *  (8-64) 

\  dx  Sr  / 

•  •  '  •  -i  /  • 

The  mean  square  of  the  pulsation  velocity  component,  u'u1  «?r  represents  the  axial 
turbulence  flow  strength.  According  to  the  theory  of  measurement  of  similar  turbu¬ 
lence  flows  in  various  different  directions,  The  static  pressure  of  the 

environmental  gases  surrounding  the  jet,  pe=  a  constant,  and  the  turbulence  flow 
shear  force,  xn  *"»  ■“  “  p  -u  x  .  Therefore,  equation  (8.64) 

can  be  simplified  to  be  the  turbulence  flow  boundary  layer  momentum  equation 


dx  dr  pr  dr  (g  .55) 

The  turbulence  flow  boundary  layer  continuity  equation  is 


S(rO)  +  9 (f»)  _  Q  S(rt)  _  _S(rO) 
dx  dr  ’dr  dx  (8.66) 

Sec  6  Integral  of  Momentum  Equations  for  Round  Aperture  Jets 


If  we  take  pr  and,  by  successive  multiplications  of  the  various  quantities  in 
equation  (8.65),  reintegrate  from  r  =  0  to  r  =  00  ,  and,  if  we  declare  this  to  be 
the  average  time  velocity  vector,  u,  without  any  additional  force  from  v,  then, 
we  can  simply  write  t«"r: 


!. w  fr'r  +  i."""  Jr''  - !  'dJ$p- '' 


(8  67) 


186 


The  axial  momentum  flow  rate 


M 


2  nrdrp u1. 


If  we  substitute  this  into  equation  (8.67),  then  it  is  possible  to  obtain 


£1>— 


0. 


Therefore,  M=  a  constant.  (8.68) 

This  proves  that  the  momentum  flow  rate  of  a  jet,  along  the  axial  direction,  x,  is 
conserved,  that  is  to  say, 


M  «  M,  vrjpu,. 


If  we  assume  that  (u/u.)  —  /(ij)  —  /,  ij 


r 


u_ocr',  bccx\ 


(8.69) 


If  we  take  equations  (8.69)  and  substitute  them  into  equation  (8.66),  then,  we 


obtain 


-7-  puli3  1  2  wvfdv  —  0  . 

ax  J* 


(8-70) 


In  equation  (8.70),  the  non-dimensional  momentum  flow  rate  of  an  axially  sym¬ 
metrical  jet 


jt  2  —  a 


constant 


2  2 

Therefore,  the  preceding  coefficient,  umb  ,  is  necessarily  unrelated  to  x,  that  is  to 
say  that  or  the  exponents  that  are  written  out  are  equal: 


**  .  -  *•,  Ip  +  2f  -  0,  P  “  -4. 

Previously,  we  have  already  made  use  of  the  fact  that  the  jet  half-width,  b,  is  in 
a  direct  proportion  with  x,  so  that  b  —  Cx,  that  is  to  say  that  q  =  1,  and,  there¬ 
fore,  p  =  -1. 

On  the  basis  of  dimensional  analysis  or  the  theory  of  gas  volume  induction  roll 
up,  it  is  possible  to  prove  the  similar  rules  that  govern  the  expansion  of  jets, 

Cx,  as  well  as  the  rule  governing  the  attenuation  and  reduction 
a.  *»  «  x,  n  =  an  experimentally  determined  constant. 

Sec  7  Employing  £  to  Obtain  a  Typical  Curve 


Assume  that 


S 


—  —  f(f)  —  f,  U  “  uj  “  —  /, 

u.  * 


(8.71) 


n  and  c  are  experimentally  determined  constants.  (8.72) 

Let  us  assume  that  there  is  an  average  time  flow  function: 


Make 


n o-f,  i 


1  iF  _  1 

TIT  Tf 


(8.73) 


(8.7. 


If  one  is  considering  a  non-compressible  axially  symmetrical  jet,  then. 


rv 


d*  _  _  _d_(nx  -\ 
dx  dr  \o*  ) 


n 


ar- 


FJ’ 


Because  of  this  it  is  also  true  that 


(8.75) 
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V 


(8.76) 

(8.77) 


According  to  equation  (8.19),  the  turbulence  flow  dynamic  viscosity 


e  —  —  %Cz  -  —  —  —  a  constant 


Because  of  these  relationships,  it  is  also  true  that  the  quantity,  t  ,  for  a  round 
aperture  jet,  does  not  vary  with  changes  in  x.  Due  to  this  fact,  the  turbulence 


flow  shear  force 


n 


y. 


Let  us  assume  that  the  constant^^aC}  —  ^,then,  it  will  also  be  true  that 

If  we  take  equation  (8.76),  equation  (8.77)  and  equation  (8.78)  and  substitute 
them  into  equation  (8.65),  and,  moreover,  if  we  determine  that 

V  Kc 

then  it  is  possible  to  obtain  the  relationship 


FF’  -  r  -  ?F"  (8.79) 

The  boundary  conditions  for  a  round  aperture  axially  symmetrical  disturbed  free 
jet  are  as  follows: 
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when  ,  -  o,  |  -  0, 

u  -  u.,  (F'/«)  “  1,  FXO  -  f'CO)  -  1; 

v-o,  F<£>  -  F(0)  -  0, 

when  r  — ►  oo,  ?-*<», 

u  -  0,  (F'/f)  “  0,  F(?)  -  F(oo)  -  0. 


(8.80) 


If  we  conform  to  the  boundary  conditions  in  (8.80),  then,  the  solution  for 


(8.79)  is 


1  +  0.125?2’ 


~  ~  ?  “  (1  +  0.125  V 


(8.81) 


By  employing  equation  (8.76),  it  is  possible  to  obtain 


■(=>- 


?  -  0.125  V 
2(1  +  0.1 25?’)1 


(8.82) 


Because  of  the  fact  the  turbulence  flow  dynamic  viscosity,  e.  ,  (also 

called  the  turbulence  flow  momentum  exchange  coefficient)  does  not  vary  with 
changes  in  x,  therefore,  the  form  of  the  solutions  for  the  flow  speed  distribution 
standard  or  pattern  function  equations  (8.81)  and  (8.82)  as  well  as  for  the 
boundary  laversof  laminar  flow  is  the  same.  The  difference  is  simply  £  which 
is  several  times  larger  than  the  laminar  flow  dynamic  viscosity,  v. 

In  Table  8.3,  b  is  the  radius  of  a  jet  where  u  =  0.5  um  and  ?  o  — 

* 

when  r  —  t)  —  J  , 

The  axial  momentum  flow  rate  is  conserved  as  follows: 

Inrdtfrf  —  M,  —  jrrjpui. 

If  we  utilize  the  relationships  *  “  o  —  u.  —  F 


and  substitute  them  into  the  equation  above  in  order  to  simplify  it,  then. 
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1 


*8  3 


s  T 

0 

1.0 

1.5 

2.0 

2.5 

3.0 

r 

’"7 

0 

0.276 

0.552 

0.829  | 

1.105 

1.383 

1.659 

JL-ir 

1 

I 

l.Oi 

,  1 

0.94 

■ 

0.79 

0.608 

0.445 

i 

0.316 

0.221 

-r  -±F 

u.  £ 

0 

0.228 

0.346 

0.328 

0.221 

•J 

0.0S7 

/ 

-0.047 

T 

3.5 

|  4.0 

4.5  | 

5.0 

!5-5 

6.0  j 

oc 

1.94 

• 

|  2.21  ' 

;  i 

!  2.49 

2.762 

3.04  1 

3.315  j 

oo 

_ 

JL_  if 
**-  4 

0.156 

0.111 

0.08 

0.059 

0.044  j 

0.033 

0 

O  —  -  F  -  4-  F 

-0.144 

-0.222 

-0.276 

-0.314 

l 

-0.33* 

-0.347 

-0.4 

‘<8.83) 


Table  8.3 

1.  Round  Aperture  Jet  Standard  Curve  Data  Table 

=»  -  -*=  •  .  i. 

“•  U._  s  i  *  ’ 

We  already  know  ~  F\  r,  ^  and  c  for  the  standard  curve,  and,  in  such  a  case, 
it  is  possible  to  arrive  at  the  fact  that,  on  the  axis  line,  the  pattern  that 
governs  the  attenuation  and  reduction  of  the  maximum  flow  speed,  um, along  x,  is  a 
parabolic  curve  defined  by  the  relationship  um-x=a  constant;  this  curve  starts  from 
the  end  point  of  the  core  of  the  jet,  and  x  >  x,,  wnere  *•  is  equal  to  the  length 
of  the  jet  core.  If,  on  the  basis  of  Goertler's  standard  curve,  we  solve  for  the 
integral  of  equation  (8.83),  then 


■  r  i» 


u« 


£  S_i 
1.61  * 


dy 


By  measurement  we  can  obtain  the  value 
<r  —  18.5,  and  then, 


S=  -  5.75  it 


Based  on  experimental  observations  and  measurements,  the  ratio  constant  of  the 
jet  half-width,  b,  as  it  varies  with  expansion,  x,  is  C»01,  b~  o.lx. 

The  coefficient  of  induction  roll  up  a,  —  v,/u»ae0.026. 

The  induction  roll  up  gas  volume  ratio  (£>/£,)  -*  0.32  — ,  the  initial 

4% 

flow  volume  Qi  “  s'iu,  [mV*]. 

Sec  8  Initial  Phase  Flow  Speed  Distribution  for  Circular  Aperture  Jets 

Flowing  With  the  Current 


Let  us  assume  that  we  are  dealing  with  a  jet  in  which  a  round  aperture  with  a 
diameter  d  =■  2 r,  puts  out  an  even  flow  speed,  UQ,  and  in  which  there  is  an 
initial  momentum  flow  rate,  KQ,  (Fig  8.4).  Point  n  is  a  point  on  the  edge  of  the 
jet  nozzle,  nl  is  the  interior  boundary;  the  angle  of  expansion  =  «*i  .  n2  is  the 
exterior  boundary  with  an  angle  of  expansion  — at  .  The  area  between  the  interior 
and  exterior  boundaries  is  the  turbulence  mixture  layer.  Ox  is  the  jet  aperture 
axis  line.  The  core  length  of  the  round  cone-shaped  jet  =  xQ.  The  radius  from  the 
axis  line  to  the  interior  boundary  *  r^ ;  the  radius  from  the  axis  line  to  the  ext¬ 
erior  boundary  =  ^2*  r*  the  radius  at  a  certain  point  in  the  mixture  layer.  The 
area  surrounding  a  round  aperture  jet  includes  gases  which  flow  along  with  the  cur¬ 
rent  at  a  flow  speed  =*L’t  <  U»,  (Oi/L0)  “  *.  On  the  axis  line,  the  maximum 

corresponding  flow  speed  u „  —  U,  —  l/j.  The  corresponding  flow  speed  at 
a  place  with  a  certain  radius,  r,  is  u=U-Uj.  At  a  place  where 

„  1  .. 

0  “  — t  the  width  of  the  mixture  layer  =b,  and  it  expands  along  x, 
forming  a  sharply  delineated  type  of  mixture  layer.  At  a  fixed  point,  x,  the  total 
width  of  the  mixture  layer  is  ?  — (r,— r,). 

Let  us  assume  that  the  corresponding  flow  speed  ratio  is 


u_\  _  U  -  U, 
'uj  “  U,  ~  l/,’ 

The  non-dimensional  coordinates 


192 


rl—  r  - 


'I  —  T\ 


Let  us  adjust  the  flow  speed  ratio  between  the  surroundings  and  the  jet  so  that 
X  is  equal  to  a  constant  and  0<1<1;  on  the  basis  of  a  great  deal  of  data 
obtained  from  experimental  observations  and  measurements,  it  is  possible  to  utilize 
the  smallest  square  to  induce  the  non-dimensional  flow  distribution  function  f(  £  ) 
for  different  cross  sections,  x,  and  draw  out  similar  curves  to  the  one  shown  in 
Fig  8.5. 


Fig.  8.4.  Round  aperture  jet  initial  stage  mixture  layer. 
Key:  1.  Induced  roll  up. 


m 


1 

2 


<1  —  co*s£) 


(8.*5) 


If  we  consider  the  case  in  which  the  jet  flow  speed,  Uo,  is  already  fixed,  then, 
the  magnitude  of  the  parallel  flow  speed  of  the  surrounding  gases,  Ujf  that  is  to 
say,  the  magnitude  of  X  ,  influences  the  total  width  of  the  mixture  layer,  F,  as 
well  as  the  length  of  the  jet  core,  xQ.  If  one  is  considering  the  case  in  which 
Ui  is  increased  in  size,  and  A  is  increased  in  size,  then,  even  though  A  is 
still  smaller  than  one,  the  mixture  layer  is  made  narrower  (Fig  8.6),  and  the  angles 
of  expansion,  and  are  both  reduced  in  size  (Fig  8.7);  the  core  of  the  jet 

flow,  x0,  is  elongated.  When  X  -  1,  then,  there  are  formed  two  evenly  parallel 
flows,  the  mixture  layer  is  narrowed  to  nothing,  and  the  jet  core  is  lengthened  to 
infinity.  After  1>1,L?i>17,  ,  the  nozzle  jet  becomes  a  weakly  induced  flow. 

Because  of  the  effects  of  the  fact  that  the  surrounding  gas  flow  is  violently  induced 
to  roll  up  on  itself,  the  mixture  layer  is  narrowed,  and  the  length  of  the  jet  core 


193 


Fig.  8.5.  Similar  flow  speed  distribution  curves. 

is  shortened.  The  surrounding  gas  flow  interacts  with  the  turbulence  flow  by 
transferring  momentum  to  the  weaker  of  the  two  flows,  and,  thereby,  raising  the 
static  pressure  along  the  axis  line  of  the  jet,  x;  this  process  can  continue  even 
to  the  point  where  it  creates  a  positive  pressure  gradient  (0j5/0r)  .  In 

situations  where  the  dynamic  pressure  of  the  weak  flow,  1/2  pt/J  ,  cannot  overcome 
this  positive  pressure  gradient,  one  can  see  the  production  of  points  of  impedance, 
with  the  appearance  of  counter-current  flows  and  localized  reflux  areas.  If  one 
is  not  dealing  with  a  mixture  layer  in  an  environment  of  constant  pressure,  then 
it  is  not  possible  to  simply  use  the  axial  conservation  of  momentum  method  in  order 
to  deal  with  the  problem.  Ifl«"0,that  is  to  say,  if  a  round  aperture  jet  flow,  U, . 
is  entering  a  gaseous  environment  which  is  at  rest,  t/,— 0;  then,  in  the  mixture 
layer,  the  flow  speed  distribution  is  still  similar  to  the  curve  found  in  Fig" 8.5. 
If  one  is  dealing  with  a  round  aperture  free  jet  flow,  so  that  i  ■- 0,  then  the 
expansion  of  the  interior  and  exterior  boundaries  of  the  mixture  layer  can  be 
represented  by  the  radius  test  formula  below: 

-  0.95  —  0.097  -I 

’  r,  (8.86) 
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Fig  8.6 


The  Expansion  of  Round  Aperture  Jet  Mixture  Layers  for  Different  Values  of 
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Fig  8.7 

1.  Changes  in  the  Interior  and  Exterior  Angles  of  Expansion  in  the  Initial  Stage 
of  a  Parallel  Flow  Jet  2.  Exterior  Boundary  3.  Interior  Boundary  4.  Expansion 
Angle  (in  degrees) 


ll  .  1.07  +  0.158  — 

r,  r • 


(887) 


The  induction  roll  up  gas  volume  ratio  is 


O,  "  '  +  0.°M  (i)  +  0.011  (i)‘ 


(8.88) 


Chapter  9  Distribution  of  Temperature  and  Concentration  in  Jets 


Sec  1  Potential  Energy  Equations  for  Boundary  Level  Laminar  Flow  Jets 

Let  us  make  use  of  the  following  assumptions  about  boundary  layers: 

(1)  v  «  u;  (2)  (du/3i)  «  (Su'Sy),  (dT/Sx)  <C  (dT/dy). 

Let  us  also  assume  that  x  is  the  primary  direction  of  flow.  Diffusion  of  momentum, 
thermal  energy  and  mass  takes  place  primarily  in  the  y  direction.  Let  us  separate 
minute  control  bodies  from  the  boundary  layers  of  laminar  flow  (or  boundary  layers), 
dx  •  dy  • i  ,  (assume  that  there  is  a  dimension  ■  1  which  is  perpendicular  to 

the  surface  of  the  illustration).  Let  us  check  into  the  entry  and  exit  energy  flow 

rates  of  the  control  bodies  as  shown  in  Fig  9.1  (a),  (b)  and  (c).  Let  us  talk  for 

a  moment  about  these  minute  control  bodies,  dx  -  dy  •  \ 

The  differential  of  added  kinetic  energy  due  to  enthalpy  in  the  control  bodie.. 
between  the  time  of  their  entry  and  exit  is  equal  to  the  differential  of  cross¬ 
current  thermal  conductance  plus  the  differential  of  friction  energy.  Let  us  assume 
that 

f  u1  +  y*,  i  ctT ,  di  “  c,dT , 

. <a«7dx)  -  r,(ar/0x); 

The  differential  of  the  density  flow  of  the  additional  kinetic  energy  due  to 
enthalpy  is  equal  to 


According  to  the  continuity  equation 

&T  (pu)  +  0,0  "  °* 

Therefore,  the  energy  equilibrium  equation  is 
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dT 

dx 


<9.0 


r"*(‘  +  -£)  +  + 

r- l-r, 

fi-Jy  (•  +  -f)  Hy(*  +  -f)  +  S’  [  ^y(’  + 
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± 
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00 


Fig  9.1 

1.  Entrance  and  Exit  Enthalpy  and  Kinetic  Energy  2.  Entrance  and  Exit  Heat 
Transference  3.  Entrance  and  Exit  Heat  of  Friction 


Due  to  the 
v  «  U  | 


fact  that  we  have  assumed  that  the  boundary  layers  are  formed  so  that 
therefore,  the  total  temperature 


Tm 


T  +£-t*T  + 


(9.2) 
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If  the  isobaric  specific  heat,  Cp=  a  constant,  then,  from  equation  (9.2),  it  is 
possible  to  obtain 


u  A»A(A\_C  (§H..dT 

dy  dy  v  2  /  'V  dy  dy  )  dy  \  2 


and,  by  the  same  reasoning, 

a 


a  ir\  (dr'  dT\  a  /u-.  6u 

a7lXU‘'br"67)te37  (t)“l  a7; 


(9.3) 


The  Prandtl  number 


Pr 


The  coefficient  of  temperature  conductivity  is 

a  -  A; 

e*p 


If  we  take  the  relationships  at  (9.3)  and  substitute  them  into  equation  (9.1),  then, 

it  is  possible  to  obtain  _  a  „ 

V  ‘dT’) 


dr"  ,  ar" 
^IT  ^17*  9.y 


A 

dy 


Concerning  the  momentum  equations  of  boundary  layers  of  laminar  flow,  if  we 
compare  them  to  equation  (7.27)  (in  which  there  is  no  pulsation  velocity  component 
u'  or  v'),  it  should  be  true  that 


Su  . du  dp  .  d  (  du\ 

pu - i-  pv  __  - - L.  +  I  u  -Z_  ) 

dx .  dy  dx  dy  '  dy  / 


dy  dx  dy  V”  dy )  C9-5) 

If  one  takes  u  and  performs  successive  multiplications  on  the  various  quantities  of 
the  equation  above,  then,  after  the  manipulations  are  finished,  one  can  obtain 

£  (t)  +  *"  T,  (^)  “ If-  +  “  If) 

Because  of  the  boundary  layers,  let  us  assume  that 
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Therefore , 


ato,  £-m. 

dy 


< 


< 


u—(—)  and  can  be  ignored  in  any  computations. 


If  we  subtract  equation  (9.6)  from  equation  (9.1),  then  it  is  possible  to  obtain 

dT  ,  dr  dp 

„uc,-  +  „vc,_ 


A 

dy 


(>£)+"(£)• 


dy 


(9.7) 


If  we  take  pc,  and  use  it  to  perform  successive  multiplications  on  the  various 
quantities  in  the  equation  above,  and,  if  we  assume  that  P>  c,,  i  and  ft  are  all 
constants,  then,  it  is  possible  to  obtain 

dT  .  ..  dT 


+  v  -  -JL&.  +  (±\  &T_ 
d*  dy  pc,  dx  \x,p)  dy 2 


t*  ( 6uV 
427  pc,  \  dy  ) 


If  one  assumes  that  the  static  pressure,  p,  along  x  is  invariable,  then,  (dp/dx")  —  0. 
Because  of  the  fact  that  the  power  of  viscose  friction  which  is  turned  into  a  quan¬ 
tity  of  heat  is  much  smaller  than  the  cross  flow  which  is  turned  into  thermal  con¬ 
ductance,  therefore,  it  is  possible  to  ignore  the  quantity  A*Ou/dy)z  ,  and,  due 
to  this  fact,  the  thermal  energy  diffusion  equation  for  a  boundary  layer  of  laminar 
flow  is 

97  +  v9T.4  &T 

U  dx  dy  dy 1  ‘  (9.S) 


Sec  2  pquarions  for  n?at  Energy  nissipation  in  Boundary  Layers  of  Turbulent  Flow 


Let  us  consider  the  case  of  an  average  time  quasi-stable  state  two-dimensional 
turbulence  flow  field.  The  turbulence  flow  shear  force  r„  «■»  rT;  the  turbulence 
flow  thermal  density  flow  *  qT,  and,  let  us  take  the  average  time  parameters 
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plus  Che  pulsation  parameters  and  substitute  that  quantity  for  the  instantaneous 
parameters,  as  we  see  below. 


u»0  +  u'  pu  ■*  pu  4-  (pc)*  T  •  T  +  T' 

v  —  9  +  v'  pv  ■■  pv  +  (pv)'  rT  •“  —  pu'v'  *“  Mr^r— 

.  . 

p  “  P  +  f>  P  ~  P  +  p’  '  ~  _$T  *■  (pv)  T 


0f 

dy 


(99) 


Let  us  take  the  relationships  at  (9.9)  and  substitute  them  into  equation  (9.7); 
then,  if  we  are  considering  a  case  in  which  compressibility  is  not  a  factor,  and 
a  constant,  it  is  possible  to  obtain 


(£)‘ 


dx 
+  M 


9  ,  , — rr=T  ,  —r—>  9D 

+  —  [  “  r,( Pv  J  —  pv  u  — , 

Oy  Oy 


(9.10) 


Let  us  further  assume  that  r,,  i ,  m  are  all  constants,  that  the  static  pressure, 
’p,  along  x,  is  invariable,  and  that(9p/9x)  —  0  ;  if  we  assume  all  these  things, 
then. 


+  (m  +  Mr)  ("^")  » 


(9-10 


In  a  laminar  flow,  the  transference  of  heat  through  molecular  motion  is  much 

smaller  than  the  transference  of  heat  which  is  due  to  the  motion  of  the  masses  of 

gas  in  a  turbulence  flow,  ;  therefore,  it  is  possible  to  ignore  A. 

Concerning  the  final  quantity  in  equation  (9.11),  this  is  the  power  dissipation 
due  to  friction  in  a  laminar  flow  plus  a  turbulence  flow,  and,  after  this  is 
converted  into  heat  energy,  this  can  also  be  ignored.  Due  to  this  fact,  equation 
(9.11)  can  be  simplified  to  read 

0  21  + ,  ef  -  f  Jl\  Vf  «  e  *1 

*  dx  dy  \*,p/  dy1  1  dy:  (9. IT) 

The  quantity  fr  ”  —  ,  is  called  the  "turbulence  flow  coefficient  of  temp- 

cfP 

2 

erature  conductivity,"  and  it  is  measured  in  units  of  (m  /s). 

If  we  assume  that  *—  ,  which  is  called  the  "turbulence  flow  dynamic 


200 


viscosity,"  then  the  turbulence  flow  shear  force tT  *=  from  equation 

(7.30),  we  can  derive 


dx  ■  dy  P  dy  \  dy  '  dy 5 


(9.13) 


If  one  makes  a  careful  mutual  comparison  between  equation  (9.12)  and  equation  (9.13), 
and,  if  the  "turbulence  flow  coefficient  of  temperature  conductivity,"  eT  ,  is 
completely  equal  to  the  "turbulence  flow  dynamic  viscosity,"  £  ,  then,  the  two 
differential  equations  are  completely  similar,  and  their  solutions  are  identical; 
therefore,  velocity  distribution  is  nothing  more  than  temperature  distribution. 

This  corresponds  to  a  state  in  which  the  turbulence  flow  Prandtl  number,  Pr'=l. 

The  laminar  flow  Prandtl  number  is 

Pr  -  -L  _  tLt 

.  •  l 

and  the  turbulence  flow  Prandtl  number  is 


However,  different  gases  at  different  temperatures  have  different  Prandtl  numbers 
(Fig  9.2).  The  viscosity,  n  ,  is  also  different  (Fig  9.3).  If  the  multiple  of 
turbulence  flow  and  laminar  flow  viscosity  is  approximately  equal  to  the  multiple 
of  the  rate  of  thermal  conductance  of  turbulence  flow  and  laminar  flow,  that  is  to 
say ,  (mt/V)®^/^)  ,  then,  it  is  possible  to  consider  Pr '  Car  Pr,  and  it  is  also 
possible  to  borrow  the  Prandtl  number  for  laminar  flow. 


1.  Prandtl  Numbers,  ft  -  i~L  Follow  changes  in  temperature,  T  (K) 


2.  Air  3.  A  Theoretical  Value  for  Unity 
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1.  Gas  Viscosity, 
3 .  Air 


B»:3  /»«■**& 

Fig  9.3 

,  As  It  Varies  With  Changes  in  Temperature  2.  Viscosity 


Sec  3  Initial  Phase  Temperature  Distribution  for  Flat  Mouth  Jets 

Let  us  make  a  consideration  of  this  subject  on  the  basis  of  what  we  have  already 
said  in  Chapter  8,  Sec  4  and  a  look  at  Fig  8.2.  Let  us  continue  to  select  as  the 
base  line  «■  0  where  o  <■  —  U,  •  Let  us  assume  that  <*r  is  an  experimentally 


determined  constant  and  that 


It 


—  2i2L»_ir  d$r  _  gr. 
jr1  *  *  dy  s' 


T  —  the  temperature  at  a  certain  point  y  in  a  boundary  layer 

-7  -  )  -  »F’, 

o 

Tm  — the  maximum  temperature  inside  a  boundary  layer 


F"  -  —■  F  - !!  FJ‘- 

Th  the  ambient  temperature  outside  a  boundary  layer 


(9-H) 


F'"  ■« 
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T*  —  the  initial  temperature  of  the  jet 


A*  ^  A*' 

‘-IT’  ~~7v' 

Let  us  assume  that  ^  “  ~  CT.  +  7\«)j  then,  the  ratio  of  temperature 
differentials  is 

->  AT*  T  —  T» 

^7  7737^“  (9.15) 

On  the  basis  of  Chapter  8,  Sec  4,  the  rules  governing  the  expansion  of  the  width  of 
a  boundary  layer  are 


bT—CTx,  CT—  a  constant 

Kr  =-  a  constant,  and  the  turbulence  flow  coefficient  of 
temperature  conductivity  is 


*r 


***  “  K-tCrxUt, 

_  1 

2  */.KtCt  * 


(9.16) 


If  one  states  that  he  is  dealing  with  an  average  time  quasi-stable  state,  in  the 
thermal  energy  dissipation  equation  for  a  boundary  layer,  the  symbols  do  not 
reappear : 


u 


ar 

dx 


If  we  take  equation  (9.14),  (9.15)  and  (9.16)  and  substitute  them  into  equation 
(9.12),  after  the  manipulations  are  over,  it  is  possible  to  obtain 


6"  +  la-fi'F  -  0,  -  -  -IF 


(9.17) 


From  equation  (8,52) 


1  r'" 

+  2<rFF"-0,  ±L-.-l  F 
w  r 


(9.18) 

If  we  make  a  comparison  of  equations  (9.17)  and  (9.18),  and  then  assume  that 

F "  (9.19) 


9  —  — ,  it  will  follow  that  ^7*^77- 
*  F  <r 


21  -  £_* 


Integrating  once 
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Integrating  again 


In  C.0' =  in(F")',  C,e'-(F"y 


(9-20) 


According  to  the  Goertler  solution  method  in  Chapter  8,  Sec  4 

F"(')sz  4-  K (f)  -=  -4= 

v 


(9.21) 


ffV  * 


If  we  take  this  equation  and  substitute  it  into  equation  (9.21),  then, 

C'6  “  j  [~~4~  + 

J  (9.22) 

If  we  utilize  the  following  boundary  conditions 


when  £  **  0,  AT  —  0.5AT«that  is,  o-fi  ■*  1; 
when*-*00*  ^T  “  that  is, 


then,  after  we  solve  for  Cj  and  C2 ,  it  is  possible  to  obtain 

ik _  i  "*  -  °-5 + jz  JT  £r  - {i/T;  <«» 

The  form  of  this  equation  and  the  form  of  equation  (8.55)  are  the  same;  therefore, 
the  temperature  differential  distribution  and  the  flow  speed  distribution  both 
have  similar  curves  (Fig  8.3).  However,  due  to  the  fact  that  J^l,  the 
horizontal  coordinate  should  be  changed  into  fr  ;  this  value  differs  from  the 
coordinate  f  in  Fig  8.3  by  y  i  times.  If  we  assume  that  <5  ■»  2,  then, 
experimental  data  and  theoretical  computations  agree  with  each  other. 


Sec  4  Distribution  of  Normal  Phase  Temperature  Differences  for  Narrow  Crack 

and  Round  Aperture  Jets 


According  to  Chapter  8,  Sec  2  (Fig  8.1),  let  us  take  a  look  at  the  thermal 
energy  equilibrium  of  the  integrated  control  layer,  dx*l,  in  the  normal  or  pattern 
stage  of  a  jet  (assume  that  there  is  a  thickness  *  1  which  is  perpendicular  to  the 
surface  of  the  illustration).  Let  us  assume  that  the  temperature  differential  is 
AT  ”*  T  “  T  h. 

The  amount  of  increase  in  enthalpy  which  flows  toward  the  control  layer,  dx’l, 

m  '  4*  •  1  [kcal  s) , 

The  amount  of  increase  in  enthalpy  which  flows  out  of  the  control  layer,  dx*l. 
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=  dQ  =  —  d  j  (purfA7)</>  [kcal.  s]. 

The  thermal  energy  which  is  dissipated  in  a  turbulence  flow  across  a  control 
layer  = 

q-rdx  •  1  —  '  dx  •  1  [kcal/s]; 

Oy 

The  thermal  energy  equilibrium  of  a  control  layer  is 

p\c,ATdx  +  d  (p\ic,&T)dy  —  {  ”  °» 

The  turbulence  flow  coefficient  of  temperature  conductivity  is 


Therefore , 

VAT  +  A  ['  uA Tdy  -  eT  -  0  (9.20 

Ox  J-  dy 

In  the  pattern  or  normal  stage,  let  us  assume  that  the  turbulence  flow 
coefficient  of  temperature  conductivity  is 

6t-KtCtx u.,  [ro7s]  (9.25) 


Along  the  x  axis  line,  the  rule  governing  the  attenuation  and  reduction  of  the 
maximum  temperature  differential  is 


(7.  -  7 „)  -  A7„  -  a  constant  -~ 

v  * 


(9.26) 


Let  us  assume  that  the  non-dimensional  temperature  differential  distribution 
function  is 


0(?r) 

Ul  m  * 

A7  =  — t=0(|t)  **  —-=Q, 


V  * 

V  * 

Sir- 

Si. 

9 

*  dy 

9 

X 

dA7  ^ 

r  g'  „  . 

r<yT 

dy 

VT  a, 

xV  * 

(9.27) 


(9.28) 


If  we  take  the  equations  from  (9.35)  to  (9.38)  and  substitute  them  into  equation 
(9.34),  then  we  can  obtain 
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F6  +  IKtCtO-,08’  -  0 


(9.29) 


If  we  assume  yet  again  that 


o-r  - - .  — »  ff  - - 7=» 

2  VKrCx  2  V{c _ 

2  KiCiCtO  - 

4  Ski  ■  SK,C,  .11  *?  - 

c,  c  have  precise  values  determined  for  them  by  experimental  measurements  of 
flow  speed  distribution,  and,  if  we  assume  that 

a  —  IE&  —  *r  —  i . 

V  He  4  Pr’ 

Kr,  Ct,  ffT  have  precise  values  determined  for  them  by  experimental  measurements 
of  temperature  distribution.  Equation  (9.29)  can  be  simplified  to  read 


7F6+0Q' —  o,  glL——2F 
6 


If  we  utilize  equation  (8.28),  then. 


2  FF'  +  F"-o,  H--,F 
’  F‘ 


(9.30) 


(.9.31) 


Therefore,  the  relationship  between  the  temperature  differential  and  the 
standardized  flow  speed  function  is 


9*  -El 
e  s' 

If  we  employ  the  boundary  conditions  which  follow,  i.e., 


(9.32) 


u  -  u.,  F'  -  1,  AT  -  AT,,  0-1, 

and  then  integrate  the  equation  above,  it  is  possible  to  obtain 


^AT,/  \u,'  .u«. 


(9.33) 


Experimentation  proves  that,  if  s  *  2,  or  Pr**0.5,  then,  there  is  agreement  with  the 
relationships  at  (9.33). 

When  one  is  considering  the  case  of  the  patterned  or  normal  stage  of  an  axially 
symmetrical  turbulence  flow  jet,  which  is  put  out  from  a  round  aperture,  the  rela- 
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tionship  between  the  temperature  differential  distribution  and  the  flow  speed 
distribution  is  the  same  as  equation  (9.33).  Therefore,  we  already  know  Pr  and 
the  flow  speed  distribution,  that  is  to  say,  it  is  possible  to  obtain  the  tempera¬ 
ture  differential  distribution. 

Sec  5  Experiments  on  Concentration  Distributions  in  Boundary  Layers  of  Turbulence 

Jets 

In  gases  which  mix  at  rest,  if  the  gas  consists  of  two  types  of  gas,  A  and  B, 
then  the  distributions  of  concentration,  cA  and  cg,  are  uneven.  Because  of  molec¬ 
ular  motion,  both  A  and  B  diffuse  from  areas  in  which  they  are  highly  concentrated 
toward  areas  in  which  their  concentrations  are  low.  It  is  only  necessary  to  have 
enough  time,  and  it  is  possible  to  reach  an  even  mixing,  that  is  to  say,  at  various 
points  in  the  space,  cA  and  cg  are  evenly  distributed.  This  is  called  "free  molec¬ 
ular  diffusion."  Taking  gas  A  as  the  basis,  at  any  given  instant  there  is  a  dis¬ 
tributional  lay-out  for  the  concentration,  c A>  This  form  or  lay-out  can  be  drawn 
out  in  the  form  of  a  concentration  distribution  curve. 

Concerning  a  flat  mouth  or  round  aperture  jet,  when  gas  A  is  propelled  into  a 
stationary  gas  B,  it  is  obvious  that  the  concentration  of  gas  A  will  be  highest 
(cm)  on  the  axis  line  of  the  jet.  Because  of  the  fact  that  the  masses  of  gas  in 
the  turbulence  flow  tumble  over  each  other  and  pulsate,  the  movement  of  gas  A  in  a 
circumferential  direction  toward  the  surrounding  environment  and  across  the  flow  of 
the  jet  produces  the  situation  that  the  farther  one  goes  from  the  axis  line  of  the 
jet,  the  lower  is  the  concentration,  cA.  It  is  also  true  that  the  farther  down  the 
flow  one  goes  from  the  jet  nozzle  the  lower  becomes  the  value  of  cm  on  the  axis 
line.  If  the  original  flow  speed  of  the  jet,  uQf  and  the  initial  concentration  of 
the  jet,  c0,  do  not  change,  and  the  flow  speed  distribution  of  the  average  time 
stable  state  does  not  change  either,  then,  in  both  the  cross-current  direction 
and  the  parallel  flow  direction  it  is  possible  to  attain  a  stable  concentration 
distribution.  This  is  called  "turbulence  flow  pulse  diffusion." 

Figure  9.4  represents  a  comparison  between  the  distribution  of  the  concentra¬ 
tion  ratio,  c/cm,  which  measures  the  burden  of  carbon  dioxide  (CC^)  at  various 
cross  sections  such  that  *  —  1  -4,  —  10,  20,  30,  40  as  it  pertains  to  a  flat  moutn  je 

with  2  *>>  “  3  [mm]  and  a  width  of  2  4,-  300  [mm]  which  is  orooellinc  carbon 
dioxide  (CO2)  into  stationary  air  at  an  initial  flow  speed  u0=55.9(m/s)  and  the 
distributions  of  temperature  differential  and  flow  speed,  yo.5  is  the  vertical  co- 
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ordinate  for  a  place  where  the  flow  speed  11-0.5^.  The  weight  concentration  ratio 
is  the  ratio  between  the  weight  of  the  CO2  contained  in  each  unit  of  volume  and  the 
weight  of  the  air  contained  in  it.  It  is  possible  to  withdraws  sample  of  gas  from 
the  jet  and  use  a  chromatograph  to  determine  the  concentration,  c,  of  the  CO2  which 
it  contains.  Or,  it  is  also  possible  to  use  pulse  lasers  to  illuminate  and  measure 
flow  fields,  take  integrated  information  photography  for  the  analysis  of  interfer¬ 
ence  pattern  spectra,  and  to  measure  the  concentration  distribution  of  CO2.  The 
error  in  this  measurement  of  concentration  is  less  than  or  equal  to  31.  From  look¬ 
ing  at  Fig  9.4,  it  is  possible  to  see  that  the  corresponding  concentration  (c/cm^ 
datum  points  for  different  cross  sections  x  —  (*/£»)  which  are  used  to  obtain  measure 
ments  of  the  pattern  or  normal  stage  of  a  jet  almost  all  fall  on  the  normal  curve 
for  temperature  differential  distribution.  This  explains  the  fact  that  the  process 
of  turbulence  flow  concentration  diffusion  (mass  exchange)  and  the  process  of 
turbulence  flow  thermal  energy  dissipation  are  similar;  however,  they  are  very 
different  from  the  flow  speed  distribution  (momentum  exchange). 

If  it  happens  that  the  environment  surrounding  the  jet  itself  contains  carbon 
dioxide  in  a  concentration  cy,  then,  it  is  possible  to  utilize  the  concentration 
differential  Ar  —  e  —  cH  .  Qn  the  axis  line,  the  maximum  concentration  dif¬ 
ferential  Acm  *-  em  —  cH.  As  far  as  an  average  time  quasi-stable  state 
jet  is  concerned,  the  amount  of  a  certain  substance  (for  example,  CC^),  which  is 
put  out  by  each  unit  of  width  of  a  jet  nozzle  each  second  is  M,  —  2  4,u,  •  1  •  p, Ac, 
and  this  is  a  constant.  If  we  assume  that  the  area  of  a  jet  cross  section  *  F, 
then, 

Af  “  p&cudF  —  Mi  —  a  constant  (9.3-4) 

Concerning  a  flat  mouth  two  dimensional  jet,  half  the  height  > 

and,  if  we  use  non-dimensional  parameters  like  (u/  u»)»  (Ar/Ac„),  iy/*)  . 

in  a  non-compressible  flow  where  p*  a  constant,  and,  if  we  only  consider  half  the 
jet,  and  recognize  that  the  attenuation  and  reduction  of  A cm  and  um  along  x  are  the 
same,  then, 

Af„u.x 

—  (A£-„)Jr(  •  —  •  —  —  a  constant  («  33) 

if  A  r„  u_  * 

Because  of  the  fact  that  the  flow  speed  ratio  u/Uj,  and  the  ratio  of  concentration 
differentials  A<7A«r,  are  both  normal  functions,  they  are  unrelated  to  x;  there¬ 
fore,  the  integral  of  equation  (9.35)  should  be  a  constant.  On  the  basis  of  the 


_  u  d v 
•  A  cm  u,  * 
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conservation  of  mass  equation  (9.34),  it  should  be  true  that 


a  constant 

(Af»)J*  “  a  constant,  or  Ar„  — ——  (9.36) 

v  * 


As  far  as  a  round  aperture  axially  symmetrical  jet  is  concerned,  if  half  the  height 

of  the  boundary  layers  is  =r,  and  the  integrated  cross  section  rfF—  2 *ydy  , 

then. 


( 


At  u  y  d\ 


•»»  At,  u.  *  x 


a  constant 


By  the  same  reasoning,  it  is  possible  to  obtain  the  relationship 


At.  - 


a  constant 


(9.37) 


Fig  9.4 

1.  Flow  Speed,  Temperature  Differential  and  Concentration  Distributions  in  the 
Self-patterning  or  Normal  Stage  of  a  Flat  Mouth  Turbulence  Flow  Jet  2.  Weight 
Concentration  Ratio  3.  Flow  Speed  Distribution  4.  Temperature  Differential 
Distribution 
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Sec  6  Concentration  Diffusion  Equations  for  Boundary  Layers  of  Flat  Mouth  Jets 


From  a  two-dimensional  laminar  flow  field,  let  us  separate  and  remove  a  minute 
control  body  dx  •  dy  •  1  (there  is  a  thickness  ■  1  and  perpendicular  to  the 
surface  of  the  illustration).  Let  us  take  a  look  at  the  situation  concerning  the 
non-dimensional  concentration,  c,  of  a  certain  substance  as  it  occurs  in  the  paral¬ 
lel  flow  and  cross-current  flow  of  the  entry  and  exit  of  control  bodies  (Fig  9.5). 

The  differential  between  rates  of  flow  of  a  certain  substance  during  its 
entrance  and  exit  along  x 

“*  ~~  (puf  •  dy)dx. 

Ox 


fi"'- 


(p*r) 

i - 4 - 1 

;  *r  !■  i 

--  t  4 


|+£(*..r> 


Fig  9.5 

1.  The  Situation  Concerning  Concentration  Diffusion 

The  differential  between  rates  of  flow  of  a  certain  substance  during  its 
entrance  and  exit  along  y 

—  ~  ( five  ’  dx)dy, 

Oy 

The  cross-current  diffusion  density  flow 

m  —  —  Dp  — ,  D  »  the  molecular  diffusion  coefficient 
dy 

Because  of  the  fact  that  the  input  and  output  are  not  in  equilibrium,  there  are 
initiated  within  the  control  bodies  changes  in  concentration  over  time 


—  —  (jedxdy)-, 

61 

According  Co  the  conservation  of  mass,  it  is  possible  to  write  (if  one  assumes 
that  the  density,  p ,  does  not  change) 


Q(uf)  +  fl(vQ  _  i.  2)  (9  38) 

dx  dy  ,  P  fly  Vfl*  df  dt  . 


The  incompressible,  two-dimensional  continuity  equation  is 


■flu  „  '  dr  A 

--t-A-  — -  —  e 

fl*  2)y 


C9-39) 


The  left  side  of  equation  (9.38)  can  be  expanded  into 


d(\xe )  +  fl(vr) 
Sr  dy 


u 


^  +  T  ®£- 

flr  dy 


+  * 


flu 

dr 


+  |I).  CMC, 


If  one  is  dealing  with  a  stable  laminar  flow,  then, 


If  we  take  equation  (9.40)  and  substitute  it  into  equation  (9.38),  then,  it  is 
possible  to  obtain 


u 


ch_ 

8* 


D 


8V 

dy2 


(9.41) 


Sec  7  Concentration  Diffusion  Equations  for  Flat  Mouth  Turbulence  Jets 

Let  us  look  at  the  case  in  which  one  is  considering  an  average  time  quasi¬ 
stable  state  non-compressible  turbulence  flow  field.  In  such  a  case  it  is 
possible  to  use  the  average  time  parameters  plus  the  pulse  parameters  to  replace 
the  instantaneous  parameters  as  follows: 
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<  “  c  +  <•',  u  —  0  ■+•  u',  v»f  +  v',  •••, 
fU  »  tfO  -f-  ITu*. 

If  we  substitute  these  parameters  into  equation  (9.41),  then,  it  is  possible  to 
obtain 


eq<o  f  acjv)  t  a  (To  t  a(7?)_re>? 

dx  .  dy  dx  dy  dyJ 


(9.42) 


In  the  equation  above, 


9  (77) 

dx 


and 


— •  represent  the  energy 
9y 


with  which  a  certain  type  substance  is  transported  by  parallel  flow  and  cross¬ 
current  pulsations  of  turbulence  flow  air  masses;  this  quantity  is  several  times 

larger  and  stronger  than  the  molecular  motion  diffusion  of  such  a  substance. 

.  .  .  .  8*? 

Therefore,  it  is  possible  to  ignore  the  quantity  D — -  . 

by1 

The  average  time  quasi-stable  state  continuity  equation  is 


da  di  . 

+  0j  or 

Ox  dy 


(9  43) 


If  we  take  the  first  two  quantities  on  the  left  side  of  equation  (9.42)  and  expand 
them,  then. 


d (ra)  d(?t)  .  dl  .  .  b'c 

+  - a7 


by  dx  dy 

*  +  +  -a|£  +  v  ££. 

(  dx  dy  J  dx  dy 


Besides  this,  according  to  the  assumptions  about  boundary  layers,  the  flow  .speed 
change  gradient  along  x  is  much  smaller  than  the  corresponding  gradient  along  y. 
Therefore,  it  is  possible  to  ignore  the  quantity  u \  Due  to  this 


fact,  equation  (9.42)  can  be  simplified  to  read 


dx 


a  $1  -u  «  dc  d  (rV) 

^  +  ^T" 


(9.44) 
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On  the  basis  of  the  Taylor  theory  of  turbulence  flow,  pulse  concentration  is 

Oy 

lj*  the  Taylor  mixing  distance.  Vec  —  u',  the  cross-current  pulse  component 
of  velocity  is 


V0C  /r  Idfl*  *T  “  ^  2  *  A  “  a  constant 

If  we  substitute  these  relationships  into  equation  (9.44),  then,  we  can  obtain 


o  +  ,  |£  -  ±-  (la  .  -  Dr  C9. 

Qx  by  by  \by  by  /  dy* 


dx  0y  9y  \  by  by  /  Sy3*  ' 

In  the  equations  above,  the  turbulence  flow  diffusion  coefficient  is 

Dr  -  2*V  ^  I®1/*],  (9.46) 

The  turbulence  flow  dynamic  viscosity  =  ~“*  [mVi],  and  the  Schmitt  number 

=  ~  (9.47). 

-Dr 

If  we  take  the  three  equations  for  the  diffusion  of  momentum,  thermal  energy 
and  mass  in  the  self-patterning  or  normal  stage  of  a  noncompress ibl e ,  average  time 
quasi-stable  state  flat  mouth  turbulence  flow  jet  and  study  them  in  comparison  to 
each  other,  then,  they  will  appear  as  below 


o 

do 

,  £  ^ 

dx 

ay 

dy1' 

,  .  af 

-r  t  -  - 

eT*l. 

dx 

c»> 

dy'-' 

0  «£ 

dr 

-r  v 

dy 

Dr* £ 
3yJ 

(9.13) 


(9.12) 


,  turbulence  flow  dynamic  visosity,  • 

(9.13) 

,  turbulence  flow  coefficient  of  temp¬ 
erature  conductivity,  *T  (9.12) 

,  turbulence  flow  diffusion  coefficient, 
D*  (9.45) 


It  can  be  seen  that,  if  eip  and  D^are  all  constants,  then  the  forms  of  the 
three  differential  equations  above  are  completely  similar,  and  the  methods  for 
solving  them  are  all  similar.  Because  of  this  fact,  the  solutions  for  them  are 
completely  similar.  On  the  basis  of  equation  (9.33),  it  is  possible  to  deduce  that 

(£)-(£)■ 

g  _  «r  _  J_.  (  0  .  US  ' 

e  Pr’ 


Therefore,  if  we  already  know  8  or  the  Prandtl  number,  Pr,  then,  it  is  possible, 
by  utilizing  the  normal  functions  that  have  already  been  derived  in  Sec  2  and 
Sec  7  of  Chapter  8,  i.e. 


(u/O  -  F'U)  “  1  -  thJ({),  §  -  ff  L. 

X 

(«u)  ”  1  “  O-l-  0.125S1)1* 


to  directly  derive  the  temperature  differential  distribution  and  the  concentration 
differential  distribution  in  the  boundary  layers  of  flat  mouth  and  round  aperture 
jets.  Ac  «  the  concentration  differential  between  a  certain  coordinate,  y,  in 
a  boundary  layer,  and  the  environment.  A  cffi=  the  concentration  differential 
between  values  on  the  axis  line  of  a  boundary  layer  and  those  in  the  external 
environment . 
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Chapter  10  Rotational  Jets 


Sec  1  Integral  Equations  for  Rotational  Jets  and  Vortex  Strength  Numbers  S 


The  various  kinds  of  vortical  flow  devices  are  all  designed  so  that,  before  a 
jet  flow  leaves  the  jet  nozzle,  the  vortical  flow  device  forces  the  jet  to  rotate 
so  that  it  has  a  tangential  component  of  velocity,  w.  The  particular  characteristic 
about  rotational  jets  is  that  their  cross-current  diffusion  as  well  as  their  atten¬ 
uation  and  reduction  are  both  particularly  fast.  If  the  component  of  rotational 
velocity,  w,  is  sufficiently  strong,  and,  along  x,  there  is  a  positive  pressure 
gradient,  then  not  long  after  the  jet  leaves  the  nozzle  one  can  see  the  production 
of  counter-current  flow  and  the  formation  of  areas  of  reflux.  This  can  shorten 
flames  and  stabilize  combustion.  If  we  use  cylindrical  coordinates  in  x,  r,  and 
d;  average  time  components  of  velocity,  u,  v,  and  w,  pulse  components  of  velocity, 
u',  v',  and  w',  and,  if  we  use  normal  stresses  and  shear  stresses  of 

r*r,  r *  (See  Chapter  8,  Sec  5),  then,  the  basic  jet  equations  are  as  follows: 


u—  ■+■  r  —  — - L  Qz. 

.  dx  &r  p  Qx 


d  a 


dr 


u  v 
•  r 


0  up' 
dx 


Oo.i) 


n  +  T  ^ - JL 

dx  dr  .  r  ■ .  fi  dr 


If  one  is  considering  a  non-compress ible  flow,  then,  it  is  possible  to  ignore  the 
turbulence  flow  normal  stresses  “  ~p  uV  ,ar  »  —p  ▼  V,  a,  —  —p  w’w' 

as  well  as  their  derivatives.  If  we  employ  the  assumptions  which  relate  to  axisyrn- 
metric  boundary  layers,  that  is  to  say, 

u»t, 
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Equation  (10.3)  can  be  simplified  to  be 


du 

u - 

dx 


du 

6r 


_  i  dp  i  i  a 

P  dx  pr  dr 


<>o 


*£. 

dr 


(10.5) 

(10.6) 


dx  dr  r 


-if  c'->  +  t 

P  Or  P 


r 


(10.7) 


If  we  take  pr  and  use  it  to  perform  successive  multiplications  on  equation 
(10.5)  and  then  integrate  by  r  (when  r=0,  v=0,  when  r-*>ao,  U=0) : 


(“  3u  .  ,  f“  du  , 

pu  —  rdr  +  \  pvr  —  dr 

J*  5*  J*  dr 

"”!.i^rwr+jr^<tir  oo  8) 

f"  d»  .  1  d  f*  2  . 

1  pn  — —  rdr  “ - l  purdr 

J*  dx  2  dx 

If Jr  ■  IH.  -  ^ 

■  ■■  nfrv'-f 


t 


dr 


“  0 


If  we  then  substitute  into  equation  (10.8),  it  is  possible  to  obtain 

d  f* 

—  Jf  O'  +  pu*)rdr  -  0,  (10.9) 


That  is  to  say,  along  the  axial  direction,  x,  the  impulse  force  does  not  vary. 
Along  the  axial  direction,  x,  and  the  radial  direction,  r,  the  static  pressure,  p, 
is  variable.  It  is  possible  to  take  the  pressure  gradient  along  x,  divide  it  up 
for  purposes  of  integration  and  write  it  in  the  form 


(- op 

J*  dx 


rdr 


or 


dr 
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Substituting  into  equation  (10.9),  we  get 

Js  1.  p  (“s  “  7)  Tdr  "  0  (10.10) 

If  we  take  pr2  anci  use  it  to  perform  successive  multiplications  of  the  various 
quantities  in  equation  (10.7),  and,  then,  integrate  by  r  we  get 

f  rJpu  dr  ■+•  [  r*pv  dr  +  (  . rpvwdr 
J*  dx  Ja  Sr  Ja 

-  1  ri^ir  +  2  Jf  rtVr»  (10.11) 

(a) 

-  (%r*r  f^rl_wr  «“] 

J*  L  3x  Sx  J 

-  j-  [  rlpvwdr  4-  [  prm  -O^lLdr 

dx  )#  Sr 


In  the  equations  above,  use  was  made  of 

as  well  as  the  continuity  equations 

3(ru)  —  _  S(rv)  . 

S*  dr  ’ 

(b)  (  fVv  ~~  dr  ^  !  r'pvw  I  —  (  w  -—(pvr^dr 
Ja  Sr  I  la  Ja  Sr 

f-  Sfvrl  ,  f- 

—  —  pwr  — - - dr  —  \  pvwr  jr 
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(c)  r'^^-dr  +  2  TT tJr 

If  we  take  (a),  (b)  and  (c)  and  substitute  them  into  equation  (10.11),  then  we 
can  obtain 


—  [  paw  dr  »  -L  -X. 

J0  2*  dx 


0 


00.12) 


The  physical  significance  of  equation  (10.12)  is  as  follows:  if  we  assume 
that  we  are  dealing  with  a  place  on  a  certain  cross  section,  x,  of  a  rotational 
jet  at  which  the  radius  of  the  cross  section  is  r,  and  there  is  a  density  flow 
pii ;  if  we  assume  that  it  is  also  true  that  the  mass  flow  rate  when  the  jet  passes 
through  a  minute,  ring-shaped  cross  section  2 xrdr  is  equal  to  Ixrdr  •  pu, 
and  that  the  momentum  flow  rate  in  a  circumferential  direction  6  (or  tangential 
impulse  force)  =  Ixrdr-  pu  •  w  »  and  if  we  further  assume  that  the 
equivalent  impulse  force  distance  around  x  or  angular  momentum  =  2 xrdr  •  pu  •  w ■  r; 
then,  on  the  basis  of  these  assumptions,  it  follows  that  the  moment  of  torsional 
force  in  the  air  flow  around  x  is 

^  2  «•  r2puwdr, 

and  that  it  is  conserved  around  x  and  does  not  vary. 

From  equation  (10.9),  we  know  that  the  impulse  force  along  the  direction  of 
the  axis,  x,  is  invariable  and  is 

M  —  2  *  ^  (?  +  pvt^rdr. 


If  we  assume  that  the  jet  nozzle  has  a  radius=rD,  then,  it  is  possible  to  ob¬ 
tain  a  vortex  strength  number  to  represent  the  strength  of  a  rotational  jet,  so 
that 

5  -  -2—  (10.13) 

W  r0 

Sec  2  Theoretical  Estimates  of  Flow  Speed  Distribution  of  Rotational  Jets 
If  we  assume  that,  on  a  certain  cross  section,  x,  the  maximum  axial  flow  speed 
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*u  that,  for  «  *  —  u  which  has  a  radius  ri  ™  b,  the  non-dimensional 
vertical  coordinate  (r/i»)  —  17;  and,  if  we  further  assume  that  the  maximum 
tangential  component  of  velocity  «=  wm,  then,  when  the  vortical  strength  number 
s  <  0.6,  the  principles  which  govern  the  distribution  of  axial  components  of 

velocity  (u/um)  and  tangential  components  of  velocity  (w/wm)  are  similar. 


(ui3  ”  ^7)  ”  “  1’  “  *”  ”  w,!» 

/  w  \  /  r  \ 

( -  !  “  £  !  —  I  *»  f  (i?)  =  f ,  w  —  W„£,  r  —  £17; 

'  w„  '  '•  £  / 

If  we  assume  that  b  follows  the  principles  of  expansion  of  x,  bee  xq,  and  that 
the  rules  governing  the  attenuation  and  reduction  of  components  of  velocity  are 


u^ac*',  w.O £r> 


(10.14) 


then,  equation  (10.10)  can  be  changed  to  read 

fx  L"(  ^  -  J"3-*2)  ^  “  ° 


It  follows  that 


"*  f2  “  vr^v; 


(10.15) 


(10.16) 


We  can  divide  this  into  three  cases,  that  is  to  say 


O)  u»  >  w_,  then 

(2)  u„  <sr  w.,  then 


£(«Lt2FD*0  (10.17) 

^  7  p  •»«) 


(3)  . 

From  case  ( 1 ) : 

(uJL^F,)  *  a  constant,  and, 
true  that 

From  case  (2) : 

OVi,F;)*  a  constant,  and, 
true  that 

From  case  (3) : 


then,  we  s 

from  equation  (10.14)  we 
2f>  +  2f— 0,  p  —  —q, 

(10.19) 

from  equation  (10.14),  we 
2q  +  2/— 0,  q  —  — 

(10.20) 
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ill  have  equation  (4.16). 
know  that  it  is  necessarily 


know  that  it  is  necessarily 


that  is  to  say,  (2?  +  2p  —  1)  —  (2$  +  2t  —  1)  —  0 j  therefore,  p=s.  (10.21) 

Equation  (10.12)  can  be  rewritten  in  the  form 

—  Tj^gdri  •—  0,  or  ~  (u.w.i*)  ■-  0; 

dx  J*  it 

=  a  constant  —  x\  or  p  +  *  +  Iq  —  0.  (10.22) 

Concerning  utilization  of  the  theory  of  induction  roll  up,  if  we  assume 
U.  »  W.  ,  that  the  flow  speed  of  induction  roll  up  =  ve,  and  that  half  the 
boundary  width  of  a  jet  at  a  place  where  the  axial  component  of  velocity  u  as  0, 
is  equal  to  F,  then,  the  rate  of  increase  in  the  amount  of  gas  involved  in 
induction  roll  up  along  x  is 

i-(*2«rir -u-2*Xv,  -  (10.23) 

dx  J« 

If  the  gas  volume  ratio  of  induction  roll  up  =  ae  ,  then,  on  this  basis ,  v,  •»  «m»., 
therefore  Xv,oc£u_ocx'*«:  .  . 

or 

f  -+•  2jj  —  1 p  +  q,  therefore  1;  (10.24) 

From  equation  (10.19)  and  equation  (10.22),  we  can  figure  out  1,  /  —  — 2. 

Therefore,  the  rules  governing  the  expansion  of  a  weak  rotation  jet  and  the 
attenuation  and  reduction  of  such  a  jet  are 

iocx,  U.CC  — ,  w.oc  -1  (10.25) 

*  r 

Sec  3  Similarities  of  Movement  Equations  in  Strength  Net  Analysis  (Limited 
to  Middle  Range  Vortex  Strengths) 

Let  us  consider  the  third  case  mentioned  in  the  previous  section  in  which 
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•S.  wm.  in  simplified  notation,  this  is 


t  d u«,  ./ db  .t  di  . 

u-  — — >  *  -  — »  /  - -r->  u-u j, 

ajf  tf*  417 

U.  * 


(10.26) 


^  __  rft?  _  db  —  _  r£*  ^  f]b' 


dx  db  dx 


,  dr—bdTj', 


We  can  take  the  various  quantities  in  equation  (10.5)  and  write  them  as  functions 


of  '  as  follows 


'  dx  ox  1  ox 

-U.U 

b 

If  we  utilize  continuity  equation  (10.4),  then,  it  is  possible  to  obtain 


V  ”  "7  ~ 

(b) 


If  we  consider  the  integral  equation  (10.6),  then, 


f*W  ,  ,  and  this  is  equal  to  the  pressure  of  tl 

P  “  P’  ~  J.  ,  ’  pm 

environment  of  the  jet 

If  we  differentiate  the  equation  above  by  x,  then, 

(c)  By  differentiating  the  equation  above,  we  can  obtain 


If  we  assume  that 


then  it  is  possible  to  obtain 


pui. 


—  ^  (  k’  +  -i).  A'  — 

pr  dr  *  \  *1  1  dr 


If  we  take  (a),  (b),  (c)  and  (d)  and  substitute  them  into  equation  (10.5), 
then,  we  can  obtain 


or 


u«u mf  — 


—  ^  S  ’J^l] 

+  °°:7) 


In  the  equation  above,  the  functions  of  rj  ,  f,  g,  G,  h  as  well  as  their 
derived  functions  are  all  non-dimensional;  therefore,  equation  (10.27)  ought  to  be 
a  non-dimensional  equation.  It  should  still  also  be  in  accordance  with  the  rules 
governing  the  attenuation  and  reduction  of  the  flow  speed  of  jets  as  well  as 
with  the  rules  governing  the  expansion  of  jets  as  these  rules  are  presented  in 
equation  (10.14),  that  is  to  say , u.oc*»,  *oc*«,  w.oc*1.  Let  us  check  out  the 
coefficients  of  the  various  quantities  involved. 


.  *r-<  .  x~*  «•  x«-'  —  x*, 

u.  * 

b’,  x«-‘  -  x* 

**  ’  x'~'  •  -  x*;  Therefore,  the  exponent  q  «  1. 

If  we  utilize  the  conditions:  p  —  /,  ^  —  o;  then  we  can  solve 

for  the  following  relationships 
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q  -  1,  Aoc*,  p 


1 

*  V  * 


w.ec 


Sec  k  Experimental  Data  on  Rotational  Jets 

Concerning  the  case  in  which  there  is  a  continuous  source  of  gas,  if,  in  front 
of  the  jet  nozzle,  there  are  placed  tangential  holes  which  supply  two  currents  of 
air,  then,  the  presence  of  these  currents  will  force  the  engine  to  put  out  a  rotat¬ 
ional  jet.  If  one  changes  the  pressure  and  the  amount  of  gas  involved  in  the  two 
currents  of  air,  then,  it  is  possible  to  change  the  vortex  strength  number,  S,  of 
the  rotational  jet.  If  we  utilize  a  five  hole  spherical  pitot  tube  (or  a  laser  dop- 
pler  flow  speed  meter)  then,  it  is  possible  to  investigate  and  make  measurements  of 
the  distributions  along  x  and  r  of  the  flow  speeds  u  and  w  as  well  as  the  static 
pressure,  p,  in  a  rotational  jet  flow  field.  On  the  basis  of  the  data  obtained  in 
these  investigations  and  measurements,  it  is  possible  to  sketch  out  the  boundary 
lines  of  the  jet  (Fig  10.1).  "Be  the  half-width  of  the  exterior  boundary  of  the  jet; 
dsthe  diameter  of  the  jet  nozzle,  assuming  that  the  distance  of  the  point  source 
inside  the  jet  nozzle  =  a.  It  can  be  seen  from  all  this  that,  if  one  raises  the 
vortex  strength  number,  S,  then,  the  rotational  jet  diffuses  rapidly  and  becomes 
wider.  If  we  are  dealing  with  a  situation  in  which  the  vortex  strength  number,  5< 
0.5,  the  pressure  gradient  along  x  is  still  insufficient  to  produce  counter-current 
flow.  The  flow  speed  in  the  normal  stage  is 

“  “  (10.28) 

This  is  still  a  Gaussian  normal  distribution  (Fig  10.2).  However,  when  the  vortex 
strength  number,  S  «  0.6,  then,  the  point  at  which  (u/uffl)  has  its  highest  value  is 
no  longer  on  the  axis  line,  and  it  is  moved  out  along  the  radius,  r,  to  form  a 
"ring-shaped  mountain."  After  it  travels  down  the  flow  to  the  point  where  (x/d)» 

15,  then  and  only  then  does  the  "ring-shaped  mountain"  draw  close  to  the  axis  line 
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to  form  a  single  peak  (Fig  10.2  (c)).  It  is  only  necessary  for  the  vortex  strengths 


1.  Boundary  Diffusion  of  a  Round  Nozzle  Rotational  Jet  2.  No  Rotation  3. 
Rotation 
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Fig  10.2 

1.  Distribution  Curves  for  the  Axial  Flow  Speed  Ratio  u/i^  Along  the  Radial 
Direction  for  Different  Vortical  Strength  Numbers,  S 


With 


S,  to  be  equal,  and  the  curves  plotting  out  the  changes  in  the  tangential  component 
of  velocity  (w/wm)  for  the  different  cross  sections  *!*  ■■  2,  4.1,  6.2,  8.3,  10 
as  they  vary  with  changes  in  %  are  all  similar  (Fig  10.3).  When  the  vortex  stren¬ 
gth  number,  J  <  0.5,  it  is  possible  to  deduce,  from  experimental  data,  an  empirical 
formula  to  represent  the  distribution  of  the  tangential  component  of  velocity  along 
r : 


)  -  Cl  -4-  Dl1  +  El1,  1 


r 

x  +  * 


(10.29) 


In  the  equation  above,  one  can  obtain  values  for  the  coefficients  C,  D,  E 
by  consulting  Table  10.1.  After  the  vortex  strength  number,  s>  0.6,  one  begins 
to  see  the  appearance  of  areas  of  reflux  (Fig  10.3(c)).  The  area  corresponding  to 
the  highest  peak  of  (w/wm)  is  the  vortical  core  where  the  boundary  radius  is  r0. 

In  the  case  where  r < r,  is  a  tangential  flow  speed  distribution  with  a  solid 
rotational  form.  The  case  in  which  r,  is  a  tangential  flow  speed  distri¬ 

bution  with  a  free  spiral  form.  This  corresponds  to  the  Rankine  spiral  or  vortex 
or  viscous  flow.  If  we  assume  that 

_  r 
r. 


The  Distribution  of  the  Tangential  Velocity  Component  Ratio  w/wffl  Along  r  For  a 
Rotational  Jet 

then,  the  maximum  tangential  speed  of  the  boundary  of  a  non-viscous  vortical  core  is 
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w,  —  T^a  %  and  •  *  the  rotational  speed  of  the  vortical  core;  the  maximum 
tangential  boundary  velocity  or  a  vortical  core  which  has  viscosity  is 


w-  -  (l  —  -j)***,  circulation  r  -  2 *r}»; 
w  -  [ 1  _  exp (—?*}]  -  { i  _  «p(— 71)] 

“  7 - —  [1  —  exp( -r7)]; 

If  we  take  r  to  be  the  horizontal  coordinate,  then, 

(c)  ~  ~d- ,-j 1 1  -  Oojo) 


Therefore,  when 


?-0,  X-0,  -  0; 

r  -*  1,  1  —  0.1,  -  1; 

r  -*■  X,  l  —  oo,  (— )  —  0. 


Let  us  assume  that  =  the  static  pressure  of  the  environment  around  a 

rotational  jet,  that  p  =  the  static  pressure  at  a  place  where  there  is  a  given 
radius  r,  that  pm  =  the  static  pressure  on  the  center  line  of  a  rotational  jet,  and 
that  (p_  —  p)/(p„  —  pm)  =  the  pressure  differential  ratio 

On  the  basis  of  the  dimensional  analysis  of  the  self-patterning  or  normal  stage 
characteristics  of  a  rotational  jet  as  it  appeared  in  the  preceding  section,  it  is 
only  necessary  that  the  vortex  strength  numbers  S,  be  equal,  and  the  distribution 
of  the  pressure  differential  fr  for  different  cross  sections  (x/d)  should  also  be 
similar  (Fig  10.4).  The  rule  which  can  be  induced  from  experimental  data  to 
describe  how  the  pressure  differential  ratio,  j>,  varies  with  changes  in  l  is 
also  a  Gaussian  normal  distribution: 

p  “  “  “pO-MO  (10.51) 

The  coefficients  and  kj  of  the  exponential  functions  both  decrease  in  value 
along  with  the  vortex  strength  number,  S. 


Fig  10.4 

Curves  of  the  Distribution  of  the  Pressure 


Differential  Ratio,  p.  Along  r 


At  a  specified  cross  section  (x/d)  =  a  constant,  the  total  gas  flow  volume  of 
a  jet,  Q  and  the  ratio  it  forms  with  the  initial  jet  gas  volume,  Q0,  reflects  the 
induction  roll  up  energy  of  the  jet.  The  higher  the  vortex  strength  goes,  the 
stronger  does  the  induction  roll  up  energy  become.  Experimentation  produces  the 
following  relationship:  the  total  amount  of  gas  flow/ the  initial  amount  of  jet 
gas  is 


£  —  (0.32  +  08$)  4  (10.32) 

Q, i  * 


The  rule  which  governs  the  way  in  which  the  flow  speed  is  attenuated  and  reduced 


along  with  x  is 


(10.33) 
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Table  10.1 

Principal  Experimental  Data  on  Rotational  Jets  (See  equation  10.29) 

2.  Sequence  Number  3.  Initial  4.  Vortex  Strength  Number  5.  Coefficient 


... , .....  . 
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Chapter  11  Jet  Curvature  and  Coefficients  of  Flow  Volume 


Sec  1  Curvature  Deformations  of  Main  Horizontal  Cross  Flows  of  Round  Aperture  Jets 

Let  us  assume  that  there  is,  on  the  wall  of  a  flame  tube,  a  round  hole  with  a 
diameter  equal  to  d  and  with  a  center  line  perpendicular  to  the  surface  of  the  wall 
6,  o  =  90°  (Fig  11.1).  Because  of  the  pressure  differential  between  the  inside  and 
the  outside  of  the  flame  tube,  the  air  from  the  exterior  ring  cavity  passes  through 
the  round  aperture  and  is  propelled  as  a  jet  into  the  flame  tube.  The  initial  flow 
speed  =  U0.  The  initial  volume  of  flow  is  equal  to  Qq.  The  jet  which  penetrates 
horizontally  into  the  main  flow,  VQ,  faces  into  the  wind  and  receives  a  blast  of 
dynamic  pressure  equal  to  \/2pV\  .  The  leeward  face  of  the  jet  feels  the 

influence  of  the  vortical  curling  caused  by  the  drop  in  pressure  in  the  wake  of  the 
jet.  Concerning  the  sides  of  the  jet,  because  of  the  previous  collision,  the  flow 
speed,  u,  is  already  basically  very  low,  and  because  of  the  fact  that,  on  top  of 
this  initial  slowness,  the  jet  is  also  influenced  by  the  impact  of  the  shear  forces 
from  the  main  flow,  VQ,  the  sides  of  the  jet  are  very  easily  deformed.  The  result 
of  this  is  that  the  jet  is  gradually  curved  to  conform  to  the  direction  of  flow  of 
the  main  current.  A  typical  cross  section  of  the  jet  (See  Fig  11.1,  A-A)  is 
squeezed,  flattened  and  rolled  to  become  a  kidney  shape.  On  the  concave  surface  of 
the  kidney  shape,  there  later  appear  a  pair  of  counter-rotational  vortices  +r,  — T. 
This  pair  of  vortices  develops  and  expands  as  they  flow  downstream  and  they  are 
weakened  and  dissipate  only  after  they  have  flowed  far  down  the  stream.  In  the  area 
between  the  curvilinear ly  deformed  jet  and  the  main  flow,  due  to  the  fact  that  the 
effect  of  the  turbulence  flow  vortical  masses  producing  friction  by  rubbing  together 
is  very  strong,  the  induced  roll  up  and  mixing  are  particularly  violent.  Beginning 
with  the  center  of  the  round  aperture,  the  curved  jet  can  be  generally  divided  into 
three  sections;  I  is  the  core  of  the  jet,  0/«,  .  This  is  shorter  than  the  core  of 
a  free  jet  and  is  slanted  downstream;  II  is  the  obviously  curved  section.  The  cross 
section  of  the  jet  is  rapidly  deformed;  III  is  the  vortical  expansion  section.  This 
is  turned  downstream  in  the  direction  of  the  main  flow. 

On  Fig  11.1,  0g  z  the  axial  line  of  the  jet.  This  line  is  the  maximum  flow 
speed,  for  the  various  cross  sections  connected  together  into  a  line;  the  ver- 
tical  coordinate  *  y.  0C  ■  the  center  line  of  the  jet;  the  vertical 

coordinate  ■  Yc,  From  the  edge  of  the  round  aperture  to  b  is  the  exterior  boundary 
of  the  jet;  the  vertical  coordinate  is  y^ .  From  the  center  of  the  aperture,  0, 
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the  length  of  the  arc  along  the  axis  line  ■  s.  The  included  angle  between  the  jet 
and  the  x  axis  *  6  ,  and  the  included  angle  between  the  jet  and  the  y  axis  =  8  . 

The  width  of  the  cross  section  of  the  jet  along  the  axis,  z  *  Az.  The  area  of 
the  cross  section  of  the  jet  =  Sn.  If  we  assume  that  the  flow  speed  ratio 
«-(LVV,)>  1,  or  that  then  it  is 

possible  to  use  the  empirical  formulae  presented  below  to  represent  the  penetration 
depth 


li 

ad 

2i 

d 


1.59  o' 17 


5  <  a  <  35  ] 

|  01.1) 

2  <  a  <10  j  .  . 


Sec  2  Experimental  Measurements  Describing  Jet  Curvature  Forms 

Let  us  consider  the  case  in  which  we  use  a  transparent  flame  tube  model  on 
a  test  bed  to  carry  out  cold  air  flow  experiments.  If  we  first  raise  the  temper¬ 
ature  of  the  horizontally  penetrating  jet  approximately  50°c,  creating  a  sufficient 
density  differential  between  the  penetrating  jet  and  the  main  jet  flow,  or,  if  we 
add  to  the  penetrating  jet  a  tracer  agent,  then,  by  borrowing  from  the  techniques  of 
schlieren  photography  or  from  measurements  obtained  by  the  use  of  a  laser  thermal 
line  wind  speed  aparatus,  it  is  possible  to  draw  out  the  axis  lines  of  the  curved 
jet  flow  as  they  appear  in  Fig  11.2  and  Fig  11.3. 

Fig  11.2  is  the  result  of  measurements  from  a  low  speed  continuous  wind  tunnel 
using  a  round  aperture  jet  with  d  *  6.5mm.  The  range  of  the  flow  speed  ratio  is 

0<1<  0.152  .  Due  to  the  fact  that  the  exterior  ring  cavity  density  p» 

is  larger  than  the  density  of  the  main  flow,  inside  the  flame  tube  Pwm(.p*/p^)<  \, 
therefore,  let  us  use  the  ratio  of  momentum  flow  rates  of  the  main  flow  and  the  jet 
to  solve  for  ^ 


Wi/j  pu>- 


If  one  considers  Fig  11.2,  then  it  is  possible  to  deduce  the  fact  that  the  empirical 
formula  for  penetration  depth  is 


(f)“- 


(1L2) 
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Fig  11.1 

1.  An  Illustration  of  the  Curvature  Deformation  of  a  Horizontally  Penetrating  Jet 
As  It  Enters  a  Main  Jet  Stream  2.  Main  Flow  3.  Cross  Section  4.  Flame  Tube  Wall 


Fig  11.2 

1.  Penetration  Depth  of  Jet  2.  Flow  Speed  Ratio  3.  Density  Ratio 


Figure  11.3  is  the  result  of  the  influence  of  the  corrections  of  inequalities 
between  the  density  of  the  jet  and  the  density  of  the  main  flow  p—  (p4.  ft),  as 
well  as  the  influence  of  the  flow  coefficient,  C<j,  on  the  penetration  distance 
(y/7).  If  one  assumes  that  .  the  effective  diameter  of  the  aperture,  then 
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Fig  11.3 

1.  Penetration  Distance  of  the  Jet  (The  Broken  Line  Represents  the  Case  in  Which 
We  Consider  Differences  in  Density)  2.  Penetration  Distance  3.  Effective  Diameter 
of  Aperture 
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Fig  11.4 


1.  Axis  Line  Configuration  of  Jets 


the  flow  coefficient,  C^,  is  equal  to  the  effective  cross  section  of  the  jet  gases/ 
the  geometrical  area  of  the  round  aperture  which  is 


Si  r  §<l> 

2  -  V  77  *  i 


The  empirical  formula  for  the  penetration  distance  is 


x(jy“rine.  (11.3) 

In  order  to  control  the  structure 
of  the  flow  fields  in  the  flame  tubes, 
(for  example,  the  forward  slant  of  the 
main  combustion  aperture  of  a  Spey 
flame  tube),  we  intentionally  used 
baffles  inserted  into  the  sides  in  order 
to  guide  the  air  flow  and  make  the  jet 
penetrate  the  main  flow  at  a  slant 
fl,S90°  Fig*  11 *4  and  Fig.  11.5 
draw  out  the  curved  axis  lines  of  jets 
with  different  and  different  a  as 

well  as  the  configurations  of  their 
center  lines. 

Sec  3  Analysis  of  the  Curvature  of  Main  Skew  Cross  Currents  in  Narrow  Slit  Jets 

Let  us  assume  that  there  is,  on  the  surface  of  a  smooth  wall,  a  narrow  slit 

with  a  width,  bD,  through  which  a  jet  with  an  initial  density  of  p,  ,  a  flow  speed 
of  UQ,  and  an  angle  of  slant  of  6,  is  entering  a  parallel  flow  main  flow  VD  with  a 

density  of  Pt.  The  axis  line  of  the  jet  flow  receives  an  influence  from  the 

pressure  differential  of  the  gas  flow  and  is  deformed  in  the  form  of  a  curve.  Let 
us  take  a  differential  section  of  the  jet  and  analyze  the  balance  of  forces  acting 
on  it  (Fig  11.6).  it  is  equal  to  the  differential  length  along  the  axis  line.  A  = 
the  width  of  the  jet.  Az  =  the  thickness  of  the  cross  section  perpendicular  to 

the  differential  section  of  the  surface  x-y.  The  area  of  the  cross  section  of  the 
differentiated  section,  J.  =■•  AAz\  the  volume  of  the  differential  section  ■»  Smas, 

The  lateral  area  of  the  differential  section  — 

The  impulse  force  received  from  the  dynamic  pressure  of  the  main  flow 


ei;.5 

Fig  11.5 

1.  Configuration  of  the 
Center  Lines  of  Jets 


Fig  11.6 

1.  The  Equilibrium  of  Forces  Acting  on  the  Differential  Section  of  Jet  Flow 

2.  Jet  Flow  Cross  Section 


on  the  windward  surface  of  the  differential  section 


2 


the  centrifugal  force  produced  by  the  curvilinear  flow  of  the  differential  section 
-  s  d  Ul 

~ »  moreover,  Cn  =  the  gas  flow  resistance  force  coefficient, 

and  R  =  the  radius  of  the  rate  of  curvature  of  the  axis  line  of  the  differentiated 
section.  The  equilibrium  of  forces  acting  along  R  in  the  differential  section  is 


C.Azds  -i-  ftt'iiin’e  -  ~p£.dt—  (11.4) 

2  R 


From  Fig  11.6,  we  can  see  that 

dy 


y  =  — =*  tefl,  sin  6  «  _ 


(11.5) 


The  rate  of  curvature  radius  is 


R 


0  ±  />’ 


d2y 

dx* ' 


(11.6) 


Let  us  assume  that  the  area  of  the  initial  cross  section  of  the  jet  is 
5.,  —  AzS0,  where  ; 0=  to  the  width  of  the  jet  when  it  has  just  left  the  narrow 
slit.  Let  us  assume  that,  in  the  direction  y,  the  momentum  flow  rate  of  the  jet 
(that  is  to  say,  the  impulse  force)  is  conserved  and  invariable,  which  means  that 

p.uls.  stn  0  •=  p.vis,t sin 0,  -  a  constant  (n.:, 

Equation  (11.4)  can  be  written  in  the  form  of 
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ffC.Arp.l'isin*  -  -2  pmS.V'  <ll'8) 

The  conditions  which  apply  to  equation  (11.7)  should  be  applied  to  equation  (11.8) 

C.AsfitriRsinV-  -lp.VlS+onet 

Utilizing  equation  (11.5)  and  equation  (11. 6),  we  can  obtain 

dj.u  *  O  +  y  )*’  .  12! _ 

*  9  /'  (1  +  y '*)'•’ 


or 


-  2^L;l It- 


2L  mm  —  lf‘L  ly  tin  0, 


If  we  say  that  *r.mm~  ~‘,r. ?  lin  (11-9) 

>  '-1- f- 

’  ”  '  ix  ’  il 

Then,  equation  (11.9)  can  be  rewritten  tc  be 


AL  £s£&  ix 

f*  .  25.P.L’;  tin  0, 


(11.10) 


We  already  know  0„  p.L'o  and  *r»'.  it  •’«  consider  that  a  precise  value  for  Cn 

can  be  determined  by  experimentation,  then, 

C.PvVl  — .  ^  —  a  constant 
Sip.Vi  ton  6, 

Because  of  this  fact 

-  2  f'Vf  -  M,. 


By  integration,  we  can  obtain  f-3 =  +  C, 

If  one  is  considering  Fig  11.6,  then,  when 


X 


o, 


y  -  0, 


it  follows  that 


C  i  cig'd,; 


and,  because  of  this  fact, 


—  -  —  -  ±  «/  +  ctg;0;  (11.12) 

f  dy 
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If  we  integrate  equation  (11.12),  it  is  possible  to  obtain  the  equation  for  the 
curved  axis  line  of  the  jet  from  a  narrow  slit,  which  is 

y  “  ■—  ^ ± tpflT  —  Clgd (11-13) 

If  the  initial  angle  of  slant  is  >  y,  then,  we  use  a  negative  sign  in 
front  of  the  square  root  sign.  By  experimentation,  Cn  sz  1-3. 

Sec  4  Analysis  of  the  Curvature  of  Main  Skew  Cross  Currents  in  Round  Aperture  Jets 


At  the  same  time  that  jets  are  being  curved,  they  are  also  expanding,  so  that 
their  cross  sections  become  kidney-shaped  (Fig  11.1  A-A).  The  width  of  the  cross 
section,  Az,  varies  with  changes  in  the  arc  length  of  the  axis  line,  s.  Of  course, 
A.  z  and  the  diameter  of  the  round  aperture,  d,  are  in  direct  proprortion  to  each 
other.  On  the  basis  of  experiments  made  in  a  smoke-equipped  wind  tunnel* \  it  is 
possible  to  determine  an  empirical  equation  to  describe  Az  as  it  changes  along  the 
axis  line  Og,  that  is. 


At 

d 


5.2  o' 


d  =  the  diameter  of  the  round  aperture  (11.14) 

Let  us  select  a  differential  section,  ds,  from  the  curved  jet.  Let  us 
assume  that  the  kidney-shaped  cross  section  has  an  area  equal  to  Sn.  Along  ds,  in 
a  tangential  direction,  the  average  flow  speed  =  IT  (Fig  11.6).  If  we  assume  that 
Po —  p,  —  P)  then,  on  the  basis  of  equation  (11.4),  it  is  possible  to  set 
out  the  equilibrium  equation  for  the  centrifugal  forces  and  the  aerodynamic  forces 
along  the  direction  R  of  the  radius  of  the  rate  of  curvature  of  the  differential 
section,  that  is, 

C.  •  -ipl'jfintf  •  A*  *  di  -  -  ■LpS.diU1  (1115; 

1  F 

If  we  assume  that  along  the  flow  line  Og  the  gas  flow  rate  of  the  jet  (the 
impulse  force)  remains  invariable  and  is  conserved,  then,  that  means  that. 


1)  Crowe  and  Riesebieter,  1967  AGAJLD  Rrprints. 
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:onstar.t 


(11.16; 


p5.tr*  -  IfpUi  -  a  c 
If  we  substitute  this  into  equation  (11.15),  we  can  obtain 

•  '  #  /•%;»  2 

Also,  according  to  what  was  said  in  the  previous  section 


If  we  utilize  equation  (11.18)  and  equation  (11.14)  for  the  purpose  of  manipulating 
equation  (11.17),  and,  if,  moreover,  we  stipulate  that  V  “  y/d,  ^V^dy/d, 
then,  we  can  integrate  and  obtain  the  curved  axis  line  equation 


X 

7 


+  2.6a-*  V 


d7J 


<11  19) 


The  aerodynamic  obstruction  coefficient  in  equation  (11.19)  is  C.al  5. 

Fig  11.7  draws  out  the  curved  axis  lines  for  round  aperture  jets  on  the  basis  of 
computations  made  with  equation  (11.19)  and  on  the  basis  of  experiments  which  were 
done  with  a  smoke-equipped  wind  tunnel;  Fig  11.7  also  makes  a  comparison  of  these 
axis  lines.  the  small  circles  represent  d  20  [mm],  the  black  dots 

represent  d  —  14  [mm].  ,  ©a1  — 7.8.  ®  ?-«  16.35,  the  empty  white  triangles 

represent  d  —  20  [mm],  and  the  black  triangles  represent  d  —  14  [mm].  If,  on  the 

wall  of  a  flame  tube,  there  is  opened  a  crack  or  a  hole  in  order  to  supplement 
combustion  or  to  lower  the  temperature,  then,  of  course,  it  is  to  be  hoped  that 
the  penetration  depth  (y/d)  will  be  as  deep  as  possible;  however,  the  basic 
principle  in  this  matter  is  that  if  two  holes  are  opened  across  from  each  other 
then  the  jets  from  them  cannot  be  allowed  to  mutually  collide  or  the  main  flow  will 
be  obstructed  and  losses  will  be  increased. 
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E1I.7 


Fig  11.7 

I.  Comparison  of  Computations  and  Experimental  Data  Determining  the  Curves  of  Round 
Aperture  Jets 

Sec  5  Coefficients  of  Flow  As  Determined  by  Experimentation  For  Round  Aperture  Jets 

The  flow  coefficient,  Cd,  in  the  preceding  Sec  2  determined  the  effective  aper¬ 
ture  radius,  <J,  and  influenced  the  depth  of  penetration,  the  flow  distribution  and 
losses  in  pressure  differential.  It  is  possible  to  simulate  in  the  laboratory  the 
opening  of  a  hole  in  the  wall  of  a  flame  tube  in  order  to  carry  out  cold  air  cir¬ 
culation  experiments  to  determine  the  flow  coefficient,  Cd,  as  is  shown  in  Fig 

II. 8.  The  gas  supply  tube  diameter,  Dj_,  the  cross  section  S^  and  the  flow  speed 

Uj,  simulate  the  intake  and  exhaust  of  the  combustion  chamber  or  the  configuration 
of  the  interior  ring  cavity  as  well  as  the  Reynolds  number,  Re.  Let  us  make  pre¬ 
cise  measurements  of  the  round  aperture  diameter  dD,  the  cross  section  s0  and  the 
static  pressures,  p^  and  ?2t  for  the  beginning  and  end  of  the  process.  The  contract¬ 
ion  ratio  of  the  tube  ">  *“  “  (.dl/D{)  <  i.  At  the  round  aperture, 

the  flow  lines  come  together  and  squeeze  the  flow  which  passes  through  the  round 
aperture  and  is  gradually  turned  in  a  curved  direction;  not  only  are  the  flow 
speeds  in  this  type  of  situation  uneven,  they  are  not  parallel  either.  Only  after 
one  has  gone  somewhat  downstream  from  the  round  aperture  does  the  jet  flow  become 
one  in  which  the  flow  speeds  U2  are  even  and  parallel,  the  cross  sections  of  the 
jet  are  such  that  J2 <  5„  and  the  radius  d\  <  •  The  contraction 

ratio  of  the  jet  is  C,  —  (Jj/J,)  »«  d'\)  <  1  we  assume  that  the  weight 

of  the  gases  supplied  in  the  ring  cavity  (kg/m3)  .  r,  then,  according  to  Bernoulli's 
equation,  the  round  aperture  volume  flow 
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Q  “  "  C*S,  (pi  —  p.)j  (11. 2C 


The  round  aperture  weight  of  flow  is 


G  -  r£?  -  C,S,[2*rO>i -fc)]*  [kg/al  (11.21) 

On  the  basis  of  flow  continuity 

Q  -  S,U,  -  ^L',  -  -  mCfStUi,  Vx  ~  mC,^, 

(11.22) 

If  we  are  considering  a  case  in  which  there  are  no  friction  losses,  then. 


Therefore, 


Px  ~  P*  —~<U1  --UD  .«  -  (1  0\ 


^  ^i)  1  ^ ’ 


7<1  — 


..  ,:;xii,.23) 


Because  of  losses  due  to  friction,  the  actual  jet  flow  speed  V\ < l/,';  if 
we  assume  that  the  flow  speed  loss  coefficient  is 

f  t/,  •• 


then,  the  round  aperture  volume  of  flow  is 


Q  -  CAIT,  -  Cff5,LT, 


(11-20 


By  using  U2  from  equation  (11.23),  we  can  obtain 


Q  -  -7=M  =  S,  \lt  Q>,  -  p,)j*  lm 

\/(l-mlC!)  Lr  J 


01-25) 


If  we  make  a  comparison  of  equations  (11.20)  and  (11.25),  the  coefficient  of  flow  is 


Crf  *■ — =£=!==—,  and,  in  general  f -■  0-96  ~  0.98  (U-2o) 

■/O  -  «»!c!) 

The  coefficient  of  flow,  C^,  is  a  function  of  the  Reynolds  number  of  the  supplied 
gas  and  the  contraction  ratio  of  the  tube,  m.  Above  a  certain  Reynolds  number, 
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is  almost  maintained  as  a  constant.  Pig  11,9  is  the  set  of  standard  curves  put  out 
by  the  ISA  (the  international  standardization  association)  for  the  flow  coefficients 
of  round  apertures  as  they  vary  with  changes  in  Re  and  m.  The  error  involved  in 
consulting  this  illustration  is  approximately  +  1%. 
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Fig  11.9 

1.  ISA  Standard  Round  Aperture  Flow  Coefficients 
The  round  aperture  .pressure  loss  differential  is 
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0.646 
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0.695 

0.716 

0.74 

Table  11.1 

1.  When  the  Air  Supply  Reynolds  Number  is  r.>«xio-,  Then,  Cd  Is  Maintained 
as  a  Constant  in  a  Fashion  Shown  Below 
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Sec  6  Complex  Variable  Functions  and  Conformal  Transformations  as  Used  to 

Obtain  Coefficients  of  Contraction 

If  one  is  considering  the  case  of  a  non-compressible ,  non-viscous  two-dimen¬ 
sional  stationary  flow  field,  then,  it  is  possible  to  utilize  complex  variables, 
complex  functions  and  conformal  transformations  to  solve  flow  line  equations; 
because  of  this  fact,  one  can  draw  out  flow  line  spectra.  If  we  choose  a  coordinate 
x,  y,  on  a  physical  surface,  then,  it  is  possible  to  use  a  complex  variable  *  —  *  +  ij) 
to  represent  the  location  of  a  certain  point  on  a  flow  field.  If  we  assume  that 
r  =  the  modulus  of  the  complex  variable  z,  and  we  also  assume  that  0  =  the 
amplitude  angle  (the  angle  contained  between  r  and  x),  then. 


*  “  *  +  iy  *■  cot  8  +  iga9)  «■»  rem, 

r-ttyr. 


If  we  take  to  be  the  real  number  amplitude  and  ><t>  to  be  the  imaginary 

number  amplitude,  then,  on  the  complex  velocity  value  plane,  a  certain  point 
F  —  <t>  +  »"</'  corresponds  to  a  certain  point  on  the  physical  surface  *“(*  +  »»,  an 
example  would  be  a  certain  intersection  point  4>4>  in  the  curve  grid  net.  If  it 
is  possible  to  find  an  appropriate  complex  function  F  —  /(#) ,  then  it  is  possible 

to  take  various  points  on  the  surface  z  and  successively  transfer  them  to  surface 
F;  this  is  done  in  order  to  maintain  the  similarity  of  the  minute  forms  of  the  grid 
network  as  well  as  maintaining  the  equality  of  the  angles  of  refraction  or  bending. 
This  is  called  a  "conformal  transformation."  Obviously,  when  the  curves  representing 
equal  values  of  4>,  and  equal  values  of  4>  on  the  surface,  z,  are  conformally  trans¬ 
formed  onto  the  surface  F,  they  become  mutually  perpendicular  lines.  What  were 
originally  straight  lines  on  the  surface,  z,  are  transformed  into  curves  on  the 


surface  P 


Fig  11.10 

1.  A  Narrow  Wall  Aperture  Jet  Field  Contraction  Flow  Line  Spectrum.  2.  Exterior 
Ring  Cavity  3.  Narrow  Wall 

Fig  11.10  represents  the  flow  line  spectrum  of  a  narrow  wall  aperture  jet  in 
which  the  flow  lines  are  concentrated  and  approach  each  other.  Let  us  assume  that 
there  is  a  dimension  perpendicular  to  the  surface  of  the  illustration  and  equal  to 
1,  that  the  area  of  the  aperture  BB '  -  2a,  that  the  contraction  ratio  *  Cc,  and 
that  the  jet  contraction  reaches  an  effective  cross  section  area  ■  2aCc  in  which 
there  is  an  even  parallel  flow  speed  q  »  U.  The  narrow  walls  AB  and  A'B'  are 
extensions  of  the  boundary  flow  lines.  BC  and  B'C'  are  "boundary  flow  lines."  The 
flow  function  along  the  boundary  flow  lines  is  *|>  ■  a  constant;  the  modulus,  q,  of 


flow  speed  vector,  W  ■  a  constant;  p^  -  the  static  pressure  of  the  external  environ¬ 
ment.  EE'  is  the  center  line  of  the  jet;  4>e  *  0,  and  the  vertical  to  the  narrow  wall, 

“  ; 

^  «  90°.  If  we  select  BB'  to  open  a  hole,  then,  the  velocity  value  on  the  edge, 

<t>  ■  0;  the  front  of  the  hole  is  +  <t>t  and  the  back  of  the  hole  is  -  4>.  The  flow 
function  along  the  boundary  flow  line  A'B'C',  the  flow  function  along  the 

boundary  flow  line  ABC  ,4>i  •»  —  C^U,  the  effective  amount  of  flow  4>i  — 

One  can  solve  the  boundary  flow  line  equations  in  order  to  draw  out  the  flow  lines, 
that  is  to  say  that  it  is  possible  to  precisely  fix  the  ratio  of  contraction  C,  <1. 


Sec  7  Complex  Variable  Function  Transfer  Formulae 

According  to  the  theories  of  Schwarz  and  Christoffel,  if  one  assumes  that  there 
is  a  complex  variable  F  «»<#>  +  «>  and  that  J  —  £  ■+-  »jj.  If  one  is  considering 
the  case  in  which  there  is  a  polygon  on  a  surface  F,  let  one  assume  that  the 
various  vertical  angles  are  «!,»»•••  ,  and  n  =  the  number  of  its  sides.  In 

such  a  case,  the  sum  of  all  its  angles  is  <*i  +  oa  4- •  — a,  —  (»  —  2)*  •  On  a  surface 

f  ,  on  the  real  number  axis  f  there  are  coordinate  points  ft »£/**'£•.  for  a 
total  of  n  separate  points.  In  such  a  case,  if  one  utilizes  the  formula  below,  then, 
it  is  possible  to  take  the  n  apex  points  of  the  angles  in  the  polygon  on  surface  F 
and  transfer  them  into  separate  coordinate  points  on  the  real  number  axis  £ 
of  Che  surface  ?  : 

~ - -  id 

-  *  .a 

(11.32) 

From  Fig  11.10  it  can  be  seen  that  all  lines  defined  by  equal  values  of  </>  orig¬ 
inate  in  the  +  4>,  of  the  exterior  ring  cavity,  concentrate  themselves  in  the  open 
hole  BB',  which  is  <p  -  0,  and  tend  toward  a  -  <f>  at  which  point  they  become  an 

even,  parallel  jet.  At  the  point  C'C,  the  magnitude  and  directions  of  flow  speeds 

are  entirely  the  same,  i.e.,  q  *  U.  The  boundary  lines  d'uand  form  themselves 
into  a  long  thin  area  ACA'C’,  as  shown  in  Fig  11.11  (a).  In  order  to  later  solve  the 
flow  line  equations,  it  is  necessary  to  first  utilize  the  formula  (11.32)  to  take  the 
long  thin  area  and  transform  it  into  an  unlimited  plane  above  the  real  number  axis 
{  of  the  plant  »  .  The  intersection  point  C'C  is  a  point  » ^  *  0.  The  vertical 
angle  along  A'C'  a  ^  =  0.  On  the  basis  of  this  fact,  let  us  compare  Fig  11.11  (a) 
and  (b) 
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Fig  11.11 

1.  Complex  Function  Transformation  Planes.  2.  Plane 

—  _ (O'"1  or  f  *“  Kln£  +  L  (11-33) 

•vr 

At  point  B,  F,  —  0  —  i>,  —  —iC^U.  If  we  take  point  B  and  transform  it  into  f  —  1,  7?  —  0, 
of  plane  ?  ,  that  is  to  say,  s  =  1 ,  then,  it  is  possible  to  precisely  determine 
the  integration  constant  L  «  —iCtaV.  If  we  take  point  B’  and  transform  it  into 
*  —  —  1  ,  then, 

'C^V  -  Aln(-l)  -  iC*U,  ln(-l)  -  »'3Cf L  , 

Aw 


—  1  *  g’OCfSV/K)  ^  C(JS 


( l£aL\ 

V  K  1  -  A'  / 


Therefore , 


If  we  substitute  in  equation  (11.33),  then,  we  can  obtain  the  transformation  form¬ 
ula  for  the  planes  F  and  ; 


mm* 


inj  —  iC^V 


Ol  34) 
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Sec  8  Tenninal  Velocity  Loci  for  Boundary  Lines  of  Flow 

Let  us  assume  that  the  amount  of  flow  is  a  constant;  if  we  assume  this,  then, 
the  even,  parallel  jet  flow  speed  L’  is  a  constant.  According  to  equation  (11.31), 
the  complex  flow  speed  is 

W  -  —  «*  u  -  <v  -  qc~* , 
ds 

Therefore , 


£  _  v  dx_  _  t/ 

^  a 


(11-35) 


If  we  consult  Fig  11.10,  we  can  see  that  the  farther  down  the  flow  one  goes  from 
the  aperture  BB',-the  lower  is  the  modulus  of  complex  flow  speed,  q.  Along  the  nar¬ 
row  wall  A 'B '  and  AB,  the  direction  of  the  flow  lines,  8  ,  is  already  determined; 
however,  the  modulus  increases  from  0  to  q.  Along  the  boundary  flow  lines  B'C'  and 

BC,  the  modulae  of  W  are  all  equal  to  q;  however,  the  amplitude  angle,  $  ,  changes 

continuously.  On  the  physical  plane,  z,  when  the  boundary  flow  line  B'C'BC  is 

sketched  out,  on  the  U/W  plane,  the  modulus  (U/q)  =  1  describes  a  semi-circle  as 

shown  in  Fig  11.12(a).  The  amplitude  angle  indicating  the  wall  surface  A'B'  is 
0  -  0.  Therefore,  from  B'  to  C'  the  amplitude  angle  decreases  from  0  to  —m/2, 
and,  frqm  C  to  B,  it  decreases  again  to-*.  This  is  called  the  "terminal  velocity 
trajectory  or  1  locus"  of  U/W.  If  we  assume  a  conformal  transformation  function 


s“1“(£)-1”7  +  »  Out) 

.  V 

If  we  take  *“  ^  and  $  to  be  the  coordinates,  then,  it  is  possible  to  take  the 
semi-circle  on  the  plane  ^  and  transform  it  into  a  straight  line  on  the  surface, 

Q,  as  shown  in  Fig  11.12(b).  At  the  point  A',  which  is  fairly  well  upstream  from 
the  opening  tfasO,  q&b,  At  the  point  B'  L  —  q ,  in  y  «-  0.  The 

boundary  flow  line  B’C'  gradually  turns  from  6  —  0  -*■  6  —  —  *.'2.  •  The  flow  line 
CB  gradually  turns  from  0  *  ~  — -*0  —  — The  polygon  on  plane  Q  is  an  open 
rectangle,  and  it  only  leaves  two  vertical  angles  <*t  “ 
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2, 

00  0*® 

Fig  11.12 

The  Terminal  Velocity  Locus  Transformation  Plane  2.  Plane 

If  we  utilize  the  transormation  formula  (11.32),  and  we  compare  the  real  number 
axis,  »  ,  of  Fig  11.11(b),  then,  it  is  possible  to  write 

-i  *«  +  ir*a  -  ir*  -  -  ir*  01.37) 

By  integrating  equation  (11.37),  it  is  possible  to  obtain 

Q  —  JCAreb?  +  L, .  L  —  integration  constant  (u.38) 

In  the  equation  above,  the  cosine  of  the  inverse  hyperbola  is 

AirhC  -  In(f  +  VV-  O 

On  the  boundary  flow  line  BCC'B’,  q  =  U;  therefore,  Q  *=  b  ~  +  id  id. 

(11.39) 

In  Fig  11.12(b),  the  indicated  point  B  is  the  origin  point  of  the  plane  Q,  and, 
due  to  this  fact,  Q  —  —  ;*  ,  corresponding  to  on  the  l  plane  in  Fig 

11.11(b);  if  we  make  a  substitution  in  equation  (11.38),  then,  —  »'*  —  K\n(\  -i 
giving  a  precise  value  for  the  integration 

constant  L  —  — 

Q,  at  point  B',  =  0.  which  corresponds  to  »  =  -1  on  the  plane;  due  to  this  fact, 
one  can  obtain  from  the  equation  (11.38)  the  fact  that 
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0  «*  KArch(—  1)  —  •*, 


Because  of  the  fact  that 


chd  —  cot  (id),  Arch(  —  3 )  —  »'*; 
Kin  —  i*  “  0, 


;  therefore,  K  =  1. 

Let  us  take  plane  Q  and  transform  it  into  the  formula  for  the  semi-limitless  plane 
above  the  real  number  axis  of  plane  £  ,  that  is, 

(Refer  to  Fig  11.11  (c))  (11.40) 


Sec  9  Boundary  Flow  Line  Equations  and  Ratios  of  Contraction 


The  complex  velocity  value,  F,  in  equation  (11.34)  is  a  function  of  £  , 

dF 

F  "  KO  •  complex  flow  speed  in  equation  (11.40  — - .  is  also  a 

dw 

d  F 

-’unction  of  £^  —  By  means  of  the  complex  variable  £  "*  £  +  >1  let  us  make 

i  connection  and  link  together  the  corresponding  points  on  plane  F  and  plane  Q  (Fig 
11.11).  If  we  eliminate  the  parameter  £  from  the  two  equations  (11.34)  and  (11.401, 
then  it  is  possible  to  obtain  the  complex  function  f  —/ (g)%  which  is  necessary 
tor  a  conformal  transformation.  It  is  only  necessary  to  draw  out  the  boundary  flow 
lines  B  c  and  BC,  and  it  is  then  possible  to  determine  a  precise  value  for  the  rat  in 
of  contraction,  Cc ;  therefore,  in  this  problem,  it  is  not  necessary  to  first  solve 
thi  complex  function  F  “■/(*)>  1  it  is  only  necessary  to  solve  boundary  flow 
line  equations,  and  that  will  suffice. 

In  Fig  11.10,  the  B'  indicated  is  the  x,  y  coordinate  origin  point  z  *  0.  On 
the  boundary  flow  line  B'C’,  the  included  angle  between  the  x  axis  and  the  tangents 
at  the  various  points  =  0.  If  we  assume  that  the  minute  or  differentiated  are  length 
of  the  boundary  flow  line  =  ds ,  then, 


dx 

di 


cos  6  ? 


dy 

ds 


sin  6\ 


*=*  cx  -r  idy  ds<[zo%6  i  sin  O') 


die1 


i ) 


01.41) 
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On  the  boundary  flow  line,  the  modulus  of  §  is  J  q-1;  if  one  takes  8  look  at 
equations  (11.40)  and  (11.39),  he  can  see  that 


i  dF  ! 


if* 


i  f1*  j  -  1, 


u  —  I  =. 

i  Al 

.  U1L'  „ 

I  dse '* 

.  hjl 

dF  • 

i  dt 

dF  i  ” 

i 

dF 

I  ^  “  1 ; 

d±  i  Jr  » 


(1M2) 


On  the  physical  plane,  z,  the  transition 
tion  form  -1  to  0  by  £  on  the  £  plane. 
If  we  differentiate  equation  (11.34) 


gi  q *  corresponds  to  a  similar  transi- 
by  f  ,  then,  we  can  obtain 


d£ 


2  C.a U 


therefore 


If  we  substitute  this  into  equation  (11.42), 


we  can  obtain 


d‘  «.  j  _  ICtf. 

20  «  .  V  'it  * 


Also,  from  equation  ('ll. 40): 


Because  of  these  facts 


Q  —  id  —  Arch£  —  »*,  Arch£  **  «(0  +  *), 
f  “  chi(0  +  *)  =*  cos  (6  +  *)  =  —  cos®, 
d£  siiiGdff; 


dt 

dd 


dt  .  „  2C^a  sin  8 

d£dd  *  co  sd 


(1144) 


If  we  utilize  equation  (11.41)  for  integration. 

*  -  —  cosSig 6de  ==^(l-eos5>  (114  5) 

ar  J#  ar 


y 


l£sl  f*  tineigddS  =  — ^  [InOfet?  +  *«<0  ~  «n«M 

x  . ;  * 

(U  -'0 


At  point  C,  i  therefore,  *  - 

of  the  boundary  flow  line  Be'  on  the  axis, 


this  is  the  length  of  the  projection 
x.  Fig  11.10  is  an  axially  symmetric 
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flow  line  spectrum;  therefore,  the  area  of  the  aperture  is 


Because  of  this  fact,  the  ratio  of  contraction  is 

C,  ~  -  0.611.  -  ^  CH-47) 

2  •+■  tc 

If  the  included  angle  between  the  center  line  of  the  jet  and  the  narrow  wall  is 
Is  <  9C°,  then  it  follows  that  the  aperture  is  turned  into  a  sort  of  funnel,  and, 
on  the  basis  of  the  theoretical  calculations  discussed  above,  the  coefficient  of 
contraction,  Cc<  must  be  a  good  deal  larger  than  0.611;  if  fi>  90°,  then,  CQ  must 

be  smaller  than  0.611.  The  theoretically  calculated  values  for  the  ratio  of  contrac¬ 
tion,  Cc.  in  the  funnel  shaped  aperture  jets  for  different  values  of  P  can  be 
found  in  Table  11.2  along  with  the  experimentally  determined  values  for  the  same 
quantities . 


22.r 

45*  J*7 .5* 

90* 

112.5*j  135*  157.5* 

180” 

c. 

0.855 

0.715 

0.666 

0.611 

— 

D.568  p .537  JO -5 1 6 

0.500 

3  c;  )0 .882  ».753  jo. 6*4  jo.632  ;0:608  jo.577  -fC .546  (0.541 


Table  11.2 

1.  The  Half-Arc  Angle  £  of  the  Funnels  2.  The  Theoretical  Ratio  of  Contraction, 

Cc  3.  The  Experimentally  Determined  Ratio  of  Contraction,  C’c 

The  opening  of  gas  mixture  apertures  in  the  walls  of  flame  tubes  and  the  forming 
of  the  impulse  pressure  into  the  shape  of  the  mouth  of  a  trumpet  or  the  concentration 
of  flow  lines  to  form  a  baffle  inserted  into  the  mouth  of  the  aperture  are  all  things 
done  in  order  to  increase  the  ratio  of  contraction,  Cc,  and,  by  so  doing,  to  increase 
the  coefficient  of  flow,  C,j,  (see  formula  (11.26)  and  Table  11.1). 

The  theoretically  calculated  values  for  Cc  are  generally  smaller  than  the  exper¬ 
imentally  determined  values  for  C^.  This  is  due  to  the  fact  that  the  theoretical 
calculations  ignore  changes  in  gaseous  density.  If  one  assumes  that  the  value  for 
the  specific  heat  ratio  of  air  is  k  ■  1.4,  on  the  basis  of  the  approximate  calcula¬ 
tions  done  by  the  theory  of  jets  held  by  Chaplygin,  the  ratio  of  contraction  of 
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Chapter  12  Wall  Jets 


Sec  1  Wall  Jet  Gas  Film  Cooling 

In  order  to  maintain  the  temperature  of  the  walls  of  the  flame  tube  and  the 
temperature  of  the  blade  surfaces  of  the  directional  vanes  so  that  they  do  not  exceed 
the  permissible  limits,  gas  film  cooling  is  often  employed.  That  is  to  say  that  one 
can  utilize  the  low  temperature  air  of  the  outer  ring  cavity  to  be  propelled  through 
small  apertures  or  narrow  cracks  and  follow  the  inner  walls  of  the  flame  tube  (or  the 
surface  of  the  blades  of  the  directional  vanes)  to  form  a  gas  film.  Cut  off  by  a 
metal  surface,  there  is  no  contact  made  with  high  temperature  air  flow.  Actually, 
this  gas  or  air  film  is  a  half-jet  added  to  the  boundary  layer  along  the  walls; 
therefore,  it  is  possible  to  distinguish  between  turbulence  boundary  layers  and 
parallel  flow  jets  in  order  to  solve  for  the  components  of  velocity  and,  then,  merge 
them  back  together.  If  we  assume  that  we  are  dealing  with  a  non-compress ible ,  two- 
dimensional  flow  field  with  isobaric  mixing,  then,  the  flow  speed  components  for  the 
initial  stage  of  a  narrow  crack  jet  gas  film  are  as  shown  in  Fig  12.1.  b0  =  the 
height  of  the  narrow  crack.  The  original  jet  flow  speed  «  UQ.  The  speed  of  the  main 
flow  in  the  interior  of  the  flame  tube  =  U^.  The  flow  speed  ratio  **•  "■  C^n/^’o)  >  1. 

01  is  the  boundary  line  of  the  boundary  layer.  0'1  is  the  interior 
boundary  line  of  the  mixing  boundary  layer,  coordinate  y^.  O' 2  is  the  exterior 

boundary  line  of  the  mixing  boundary  layer,  coordinate  y2.  00 '1  corresponds  to  the 

jet  core;  the  length  =  x^.  The  width  of  the  mixture  boundary  layer  “  >i  +  yi  “  ~  >'i. 

The  thickness  of  the  boundary  layer  =  :  .  In  this  initial  stage, 

the  jet  core  and  the  boundary  layers  are  separated  by  the  main  flow  and  the  walls 
flow  within  the  gas  film  is  small,  and  thermal  transference  is  slow,  consequently, 
the  amount  of  heat  flow  which  travels  from  the  main  flow  across  the  gas  film  to  the 

surface  of  the  walls  is  also  small;  because  of  this  fact,  the  heat  shielding  or 

insulating  effects  are  comparatively  good.  If  one  is  dealing  with  boundary  layers 
of  laminar  flow,  then,  the  heat  shielding  or  insulating  effects  are  even  better. 

Once  one  reaches  the  lower  part  of  the  jet  flow  core,  the  boundary  layers  merge 
together,  turbulence  flow  mixing  is  violent,  and  the  effectiveness  of  the  heat 
shielding  declines.  Because  of  this  fact,  it  is  common  to  employ  several  ordered 
states  of  narrow  crack  jet  gas  films  which  overlap  and  transfer  energy  from  one 
to  the  other;  this  is  done  in  order  to  prevent  parallel  flows  at  wall  temperature 
from  rising. 


The  curve  defining  the  distribution  along  y  of  the  flow  speed  in  the  initial 
phase  of  a  gas  film  can  be  divided  into  three  parts  or  sections: 

®  Within  a  turbulence  flow  boundary  layer  0<y  <  i,  the  distribution 
is  governed  according  to  a  rule  of  the  exponent  1/7,  that  is, 


(1M) 


Fig  12.1 

1.  Flow  Speed  Distribution  in  the  Initial  Stage  of  a  Wall  Jet  2.  Flame  Tube  Wall 

<8  Within  the  jet  core  8<y<y i»  the  flow  speed  V  —  U,  is  evenly  distributed. 

®  Within  a  mixing  boundary  layer y>  < y  <  y:> the  mixing  of  two-dimensional 
parallel  jets  is  governed  by  the  rule: 

(*=*)“]’  02-2) 

The  assumption  that  we  made  previously  of  isobaric  mixing  along  x  is  also  appro¬ 
priate  in  connection  with  a  flow  speed  ratio  *•  < 3.  If  m^>  3,  this  leads 

to  the  narrow  crack  jet  flow  speed  being  too  low,  and,  when  this  is  true,  the 
exterior  boundary  lines  of  a  jet  curl  in  toward  the  wall  surfaces,  consequently, 
it  is  not  possible  to  assume  isobaric  mixing.  If  we  take  O'x'  and  O'y'  to  be  the 
coordinate  axises,  then,  on  the  basis  of  the  equations  below,  it  is  possible  to 
precisely  determine  the  locations  of  the  interior  and  exterior  boundary  lines  of  a 
jet  O'l  and  0'2: 

* 

^  -  0.416  +  0.134»,,  h-  -  -9.584  +  0.134m,.  (12.3) 

*  9 
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db 

dx* 


t 


using  a  negative  sign 
(12.4) 


-  ^0.27— ~  w»- 
1  m. 


«.>  1, 


From  Fig  12.1,  the  height  of  the  narrow  crack  is 

b,  —  SH  +  y'm  02-5) 


From  the  three  equations  above,  it  is  possible  to  obtain  a  formula  for  calculating 
the  jet  core  length,  xjj,  which  is 


£h 

4, 


~  ?0.27(0.41tf  +  0.134-n*,) 


(12.6) 


Let  us  assume  that  the  Reynolds  number  is 

v,  Pl)LT  ,X  H 

K.,  , 


According  to  the  formula  for  the  increase  in  thickness  along  a  flat  surface  of  a  tur¬ 
bulence  flow  boundary  layer 


£h  _  0JS7 

**  K1  ’ 


(12.7) 


We  already  know  or  can  select  a  value  for  m0;  let  us  assume  at  the  outset  that 
o,  and  let  us  try  to  figure  out  a  first  approximation  value  for  bc). 

We  can  then  take  this  approximate  value  of  xH  and  substitute  it  back  into  equation 
(12.6),  then,  we  can  calculate  a  second  approximate  value.  In  engineering,  one 
generally  takes  calculations  to  a  second  approximation  as  being  adequately  precise. 

From  equation  (12.7),  it  can  be  seen  that,  if  6  jj  is  generally  maintained  invar¬ 
iable,  and  the  Reynolds  number,  R^,  is  raised,  then,  the  jet  core,  xH,  is  extended 
in  length  as  is  the  length  of  the  gas  Him  which  is  ettective  in  tnermai  isolation  or 
insulation.  In  such  a  case,  it  is  possible  to  use  several  less  sections  of  gas  film 
and,  in  this  way,  to  economize  on  the  amount  of  gas  used  in  gas  film  cooling.  This 
intensified  pressure  is  higher  than  the  pressure  in  the  exterior  ring  cavity  of  the 
combustion  chamber  of  a  jet  engine  And,  there  is  a  possibility  of  raising  the 
narrow  crack  jet  velocity  this  will  lead  to  a  flow  speed  ratio  m,  <  1 

(use  a  positive  sign  in  formula  12.4).  This  can  raise  the  effectiveness  of 
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using  gas  films  for  thermal  isolation  or  insulation. 


Sec  2  Flow  Speed  Distribution  For  Auto-modeling  Phase  of  Wall  Jets 

The  distribution  curves  along  y  for  flow  speed  U,  as  they  are  measured  at 
different  cross  sections  (x/b0)  of  a  self-patterning  or  typical  section  after  the 
boundary  layers  have  come  together  are  as  illustrated  in  Fig  12.2(a).  If  we  use  the 
non-dimensional  coordinates  (U/Uffl)  and  (y/yj^),  then,  the  flow  speed  distributions 
for  different  jet  velocities,  UQ,  and  different  cross  sections  (x/bD)  can  all  be 
reduced  to  a  standard  curve  as  shown  in  Fig  12.2(b).  The  broken  lines  on  the  illus¬ 
tration  are  all  theoretical  calculations  for  laminar  flow  in  wall  jets.  The  solid 
lines  show  calculations  based  on  turbulence  flow. 

Let  us  assume  that  Ujj  =  an  even,  parallel  main  flow  speed,  UD  e  an  original 
jet  velocity  >L’W,  that  Um  =  the  maximum  flow  speed  at  any  given  cross  section,  x, 
in  the  self-patterning  or  normal  stage;  let  us  further  assume  that  (t/H/U0)->»,0 <1 
that  U  *  the  flow  speed  at  a  point  with  coordinate  y  on  any  given  cross  section,  x, 
in  the  normal  stage,  that  (U-U^)  =  u  which  equals  the  flow  speed  differential  at 
a  point  with  coordinate  y  on  any  given  cross  section,  x,  in  the  normal  stage,  and 
let  us  further  assume  that  (Um-Uu)  =  which  equals  the  maximum  flow  speed 
differential  on  any  given  cross  section,  x,  in  the  normal  stage; 


Fig  12.2 

1.  The  Normal  Stage  of  a  Wall  Jet  2.  Investigation  of  Distribution  of  Flow  Speed 
U  (m/s)  3.  The  Normalized  Distribution  of  Flow  Speed  4.  Laminar  Flow  5.  Tur¬ 

bulence  Flow 


*  the  vertical  coordinate  of  a  point  where  ft  “*  on  any  given  cross 

section,  x,  in  the  normal  phase.  If  we  consider  the  gas  film  of  wall  jets  to  be 
similar  non-compressible,  viscous  laminar  boundary  layers,  and  assume  that  v~{i/p, 
then,  the  set  of  motion  equations  is  as  presented  below: 


8 


V 


du '  _  dv 
dx  dy 


-3. 


r,  00] 


The  boundary  conditions  are: 
when  7  V  ■**0;*(12.8) 

**.  f;m  “V  :  . 

when  y~*  im»»&{  ?-•'  -r  •'  ' 


If  we  employ  normalized  variables,  then, 


<u/0  •“  F'(4>) 

•  ‘V . 


By**, 
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A  and  B  are  constants,  and  o  and  #  are  treated  as  specific  exponents;  if  we 
substitute  them  into  equation  (12.8),  then,  it  is  possible  to  obtain  an  ordinary 
differential  equation  like  the  one  below 


F- +  ^ [(a + 1)FF”  -  2*ri  *  0, 


(12.10) 


The  equation  for  the  relationships  when  the  exponents  or  indices  are  treated 
as  fixed  is  1$  —  a  —  1  (12. M)  ;  the  flow  velocity  of  induced  roll-up  is 


v--— [(«-  l)*r  +  (a  +  1)F]  (12-12) 

In  equation  (12.8),  if  we  take  u  and  perform  successive  multiplications  on  the 
continuity  equation  (b)  and  then  add  it  to  the  motion  equation  (a),  we  can  obtain 

d  /■  T\  . i_  8  /  \  _  dPu 

a  ^  +  a  VT1» 

dx  dy  ay 1 

If  we  integrate  the  equation  above  along  y,  and  employ  the  boundary  conditions,  then, 
it  is  possible  to  obtain  JL  [\idy  +  u,  „  _du  _  0:  h) 

Ox  Qy  '  0y  / 

y-*ac,  u  •“  0,  —  o, 
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(12.H) 


Therefore, 


If  we  take  u  and  perform  successive  multiplications  of  equation  (12.13)  and  then 
integrate  along  y  from  0  to  infinity,  then. 

The  first  quantity  in  the  left  side  of  the  equation  above  can  be  broken  down  into 


If  we  use  continuity  equations  and  then  divide  them  up  for  purposes  of  integration, 
the  second  quantity  on  the  left  side  of  the  equation  above  can  be  changed  to  be 


\'  ir  (s:  "  ■  -  iriHi.’ 


—  v.  j  \i*dy  +  ^  u^vrfy. 


If  we  substitute  into  equation  (12.15),  then, 

From  the  continuity  equation,  the  flow  speed  of  induced  roll-up  is 


If  we  utilize  equation  (6.14),  then,  equation  (6.16)  can  be  rewritten  to  be 
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This  can  be  manipulated  to  be 

-twy  (!:  -  or  “,o(Jr  ■  °- 

In  the  equation  above,  if  we  integrate  various  parts  of  the  first  quantity,  then. 

Within  each  integration  symbol  there  is  a  factor  of  the  constant  p,  so  that  we 
obtain 

dy)d’~K* 

That  is  to  say  that  the  product  of  the  impulse  force  Jx  and  the  amount  of  flow  G  is 
invariable  along  x.  (12.17) 

If  we  take  the  relationships  u  «-  umF'  «■  /it*F'  (12.17)  and  substitute  them  into  the 
equation  above,  then, 

—  X>"~U  FF"J4  —  a  constant 

and  this  does  not  vary  with  changes  in  x.  Therefore,  it  is  necessary  that 
3  a  —  2  p  —  0  .  When  we  compare  the  expression  2  0*  a  —  1,  in  equation  (12.11), 
then,  we  can  figure  out  that 

e"“  ~  7*  ^  !  (12.18) 

Let  us  assume  that 

$  -  4.,  (IM» 

If  we  use  equations  (12.18)  and  (12.19),  then,  the  differential  equation  for  the 
normalized  flow  speed  distribution  (12.10)  can  be  simplified  to  be 
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F"‘  +  FF"  +  2F'7  -  0 


(12  20) 


The  boundary  conditions  are:  whend>  *  0,  F  —  F' —  0;and  whend>"*°°»  F' —  0.  (12.21) 

(12.21) 

If  we  take  F  and  multiply  the  various  quantities  in  equation  (12.20)  and  integrate 
one  time,  then, 

Fr  +  F*F  ~  ~  F'3  —  c„  ,  from  equation  (12.21),  Cj  =  o. 

If  we  take  and  multiply  the  various  quantities  of  the  equation  above,  then,  we 

obtain 

F~ip"  +  F*F' - —  F“f  F°  —  0 

2 

If  we  integrate  the  equation  above,  we  obtain 

F  ^F  +  ~F*  Cj  ,  because  of  the  fact  that  ,  F  ™  0, 
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we  can  precisely  determine  the  integration  constant 

Ci^~~  wdg  (~^=)  _  (12-26) 

-  -  r-  •  v  3 ' 

On  the  basis  of  equation  (12.23),  we  can  utimately  reduce  everything  to  F^fi 


,  t  f  +  -fTK  +  r.il  -  .  ..  . 

if.  I (JT.-Jty  *■ ■  '  -  . 

?m  i  V.3 *_  ?  *  -  V.3J  . 


As  far  as  equations  (12.22)  and  (12.27)  are  concerned,  we  can  connect  them  by  the  use 
of  F,  Fr  and  4>  .  If  we  designate  a  set  of  values  for  F,  we  then  get  a  set  of 
corresponding  set  of  values  for  F'  and  $  ;  all  these  sets  of  values  are  numerical. 
Because  of  this  fact,  it  is  possible  to  draw  out  a  normalized  non-dimensional  flow 
speed  distribution  curve  as  shown  in  Fig  12.3. 


-  F'(4>). 


From  equation  (12.19),  it  is  possible  to  solve  for  the  values 


A 


.!_[  *  I1 

2  Up'v>J,  i 


.  (12-23) 


After  we  precisely  determine  the  normalized  flow  speed  function  F’(4>)  ,  then,  the 
three  integrals  below  are  all  constants. 


Fig  12.3 

1.  Laminar  Flow  Gas  Film  Normalized  Flow  Speed  Distribution 
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The  amount  of  flow  is 


jV**  ,  y,  -  y  FF'^  a V,  ]>-[ 


J>  - 1  F'!  d*. 


The  impulse  force  is 


Fm 


> 


Therefore,  the  amount  of  flow  x  the  impulse  force  — J.G 


—  P.  —  K  [-4  pH**!*^  P*v*r4 
.  J I  - 

v:  /» 


Sec  3  Temperature  Difference  Distribution  for  Wall  Jet  Layer  Gas  Films 


According  to  the  energy  equation  for  boundary  layers  of  laminar  flow  (9.8)  which 
is  found  in  Chapter  9,  Sec  1,  if  we  consider  that  the  pressure  is  equally  distributed 
along  x,  (dp  /  dx  )  o  and,  if  we  ignore  losses  from  the  production  of  heat  by 
friction,  then,  the  thermal  energy  dispersion  equation  is  similar  in  form  to  the 
motion  equation  (12. 8) (a),  that  is. 


ar  ,  .ar  a*r 

“  sr*'*;  ’~i?r 


The  rate  of  thermal  conductivity/the  isobaric  specific  heat  x  the  density  =  C^P 


which  is,  in  turn,  equal  to  the  coefficient  of  thermal  conductivity  a lm7*l  (12.29) 
If  we  assume  even  parallel  heating,  then,  the  temperature  of  the  gas  flow,  m  Tm, 


Tm—  T  —  AT,  y-*oc,  T  «-  T.;  tbe  temperature  of  the  jet  gas  flow  at 


coordinate  y  =7, 


Tm  —  T„  —  AT 


•  -AT-  -  e-. 


AT. 


(12- JO) 


If  the  temperature  of  the  wall  surface  of  the  flame  tube  is  fixed  as  equal  to  f. 

and  y  “  0,  T  Tmt  then,  the  function  for  the  normalized  distribution  of  flow 

speed  is  -  -  -  F'(*)  -  F ,  F  -  ("  fd+.  (,:.31) 

u,  Um  —  L  H  - 
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If  the  indicated  temperature  of  the  wall,  T„  ,  and  the  temperature  of  the  heated 
gases  Tm  are  invariable,  and,  if  we  utilize  the  non-dimensional  functions  of  0 
and  F,  then,  it  is  possible  to  take  equation  (12.29)  and  turn  it  into 

0"  +  Pr  •>  •  S'  -  0, ...  ff  -  ;  (12 J2) 


In  the  equation  above,  the  "Prandtl"  number  is 

Pr  v 

This  reflects  the  fact  that  the  levels  of  momentum  transference  across  boundary 
layers  and  the  transference  of  thermal  energy  are  similar.  If  the  Pr  =  1,  then  the 
distributions  of  flow  speed  and  temperature  are  similar. 

We  can  also  use  the  rules  governing  diffusion  of  a  jet  along  x  and  the  attenua¬ 
tion  and  reduction  of  flow  speed,  that  is,  “  Vx  ;  4  —  .Bjff 

does  not  vary  with  changes  in  x;  the  boundary  conditions  are 

^  —  0,  y  —0,  0  ~ ‘J:  ' 

y-co,  0  —  0;  CI2-33) 

If  we  integrate  equation  (12.32)  two  tiroes^  then,  we  can  obtain 

\ 

0  —  1  —  exp(^  —  j  Fd<t> ^  d<t> j 

x  jj“  exp(  -  Pr  j d<t>  ]  ;  <12  34) 

On  the  basis  of  equation  (12.34),  if  one  draws  out  (AT/AT.)  —  6  for  Pr  *  1  and 
Pr  =  0.75  as  it  varies  with  changes  in  $  ,  then,  it  would  appear  as  it  is 
illustrated  with  the  broken  lines  in  Fig  12.3. 
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Chapter  13  The  Wakes  of  Blunt  Bodies 


Sec  1  The  Configuration  of  the  Wakes  of  Blunt  Bodies 

In  thrust  augmentation  combustion  chambers,  the  various  forms  of  flame  stabiliza¬ 
tion  devices  are  all  blunt  obstacles.  The  forward  edge  of  a  blunt  body  is  a  point 
at  which  the  flow  of  the  gases  is  directly  impeded  ("watersheds").  The  gas  flow 
divides  itself  up  into  sections  and  follows  the  surface  of  the  blunt  object  until  it 
reaches  the  rear  edge  of  the  object.  At  this  point,  the  speed  of  the  wake,  u,  is 
lower  than  the  flow  speed,  U,  of  the  surrounding  gases,  and  the  sudden  change  in  flow 
speed  upon  contact  with  the  surface  causes  boundary  layer  separation.  Because  of 
the  fact  that  viscosity  produces  vortices,  there  is  an  exchange  of  mass,  momentum  and 
energy  between  the  surrounding  flow  and  the  flow  of  the  wake  and  a  mixing  layer  or 
boundary  layer  which  is  similar  to  that  of  parallel  flow  jets.  In  the  vortical  reflu: 
areas  immediately  behind  blunt  bodies,  there  is  a  wake  flow  core  similar  to  a  jet  cor< 
however,  the  flow  speed  distribution  and  the  size  of  the  jet  core  are  not  the  same 
(for  counter-current  even  distributions  see  Sec  7  of  this  chapter).  The  cross-cur¬ 
rent  diffusion  of  the  wake  mixing  layer  gradually  increases  in  width  (see  Fig  13.1). 
On  the  external  boundary  of  the  mixing  layer,  y=b,  the  flow  speed  differential 
U  —  u  «■  u,  —  0  5  on  the  axis  line  behind  a  blunt  object,  the  flow  speed  differential 
U-u=uim  is  at  a  maximum.  The  distribution  of  the  flow  speed  differential,  u^, 
along  y  is  governed  by  the  rules  of  a  Gaussian  normal  distribution.  If  we  assume 
that  the  height  of  the  cross  flow  of  a  blunt  object  *-</,  —  2ba  *  then,  the  dynamic 
viscosity  of  the  gas  If  it  so  happens  that  the  Reynolds  number  of  the  flow  is 

high  enough  R«—  QJdJv)  >  10\  ,  then,  the  flow  speed  distribution  is  normalized  if 
one  goes  sufficiently  far  down  the  flow  from  the  blunt  object.  That  is  to  say  that 
the  distribution  of  the  non-dimensional  velocity  differential  ratio  (ui/u,«).  along 
the  non-dimensional  coordinates  (y/y«. 5)  ,  then,  it  is  possible  to  deduce  a 

normalized  curve  —  /(  JL. \  ,  and  u,  •»  0.5u,«,  (13-1) 

u,.  \yt.  1' 

where  yo .5  (13.1) 

Fig  13.2  is  a  comparison  between  the  normalized  curve  of  theoretical  calculations 
and  the  experimental  data  from  the  situation  in  which,  in  a  wind  tunnel  generated 
even  flow  field,  there  is  a  cylindrical  body  with  “  10  [mm1  ,  i;  at  50[m/s}» 

R»  a  2.38  x  ;o‘  »  and  the  coefficient  of  aerodynamic  blockage  of  the  cylinder 


i 


261 


is  C,  a*  1-32  (the  black  spots  on  the  illustration  represent  data  for  different 
cross  sections,  x). 


-Z.5 -ZO-LS-LO-OJ  0  03  1.0  1.5  i.0  >/>„, 


Fig  13.2 

The  Normalized  Curve  for  the  Velocity  Differential  Distribution  in  the  Wake  of 
a  Cylindrical  Body,  10mm 

Sec  2  Theoretical  Analysis  of  the  Normalized  Velocity  Differentials  in  the  Wakes 

of  Cylindrical  Objects 

Let  us  consider  the  principles  governing  the  cross-current  diffusion  of  wakes; 

let  us  assume  that  the  width,  b,  the  rate  of  increase  in  thickness,  ,  and 

it 

the  component  velocity  of  cross-current  pulsation,  v',  are  all  directly  proportional 
to  each  other,  so  that, 

db  db  dx  ,  dx 

-  mm  .  00 V  ,  “  U, 

it  dx  dt  dt 


!7^ 


therefore , 


db  ~  v' 
— -  oc _ 

dx  u  * 


If  one  is  considering  an  area  sufficiently  far  behind  a  blunt  object,  then, 


u  as  L’ ; 


therefore 


The  component  velocity  of  cross-current  pulsation,  v’,  is  in  direct  propor- 
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•  •  Ok/  u^m 

tion  to  u^m;  because  of  this  fact,  ——  00  (13.:').  If  we  assume  that  the 

pressure  along  x  is  invariable,  that  there  is  a  dimension  of  one  unit  perpendicular 
to  the  surface  of  the  illustration,  and  that,  for  a  non-compress ible  flow,  p  =  a 
constant,  then,  in  the  wake  flow,  the  rate  of  flow  of  matter  through  the 
differentiated  cross  section  dy  •  1  is  dm  pudy  ■  1  *■»  p(V  ~  “,Vy.  The  loss  rate 

for  momentum  in  a  normalized  wake  flow  is 


u,dm  -  p  -  o,)dy  -  a  constant  (13, 


3) 


If  one  goes  sufficiently  far  down  the  flow  from  the  back  of  a  blunt  object,  then, 
V  —  U)  as  L'  5  because  of  this  fact,  it  is  possible  to  write 


a  constant 


or 


pV  (__  u  ,dy 


(13.4) 


Because  of  the  fact  that  the  integrated  area  of  a  velocity  differential  distribution 
curve  for  a  normalized  wake  flow 


—  f  (— )d(  —  j  ■=  a  constant, 

therefore,  it  is  necessary  that  pu,mUb—  a  constant;  because  of  the  fact 
that  we  already  assumed  that  the  flow  speed  of  the  environment,  U  =  a  constant; 
therefore,  one  can  obtain 


u<- 


a  constant 

* 


,  and,  if  we  substitute  in  equation  (13.2),  then. 


one  can  see  that  bdi  —  a  constant  ,  or,  i  —  KV 7  (13.5). 

In  the  equation  above,  K  is  a  constant  a  precise  value  for  which  is  determined 
by  experimentation.  Because  of  the  fact  that  the  maximum  flow  speed  differential, 
ulm*  directly  proportional  to  the  flow  speed  of  the  environment,  therefore, 


U|"  “*  a  constant 


a  constant 


V  _  n  U 
K  V  *  x 


a  constant  (13.6) 
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According  to  equation  (8.18),  if  we  use  the  Prandtl  mixture  distance,  1,  to 
represent  turbulence  flow  shear  forces : 


then,  in  the  wake  of  a  cylindrical  object,  in  order  to  draw  out  the  minute  or 
differentiated  control  layer,  it  is  necessary  to  refer  to  the  equilibrium  of 
impulse  forces  in  the  control  layer: 


puv  +  p  -0-  (  u ldy  +  p/1  ( “  0  ( 8 .2 C 

Or  \d\  ' 


If  one  goes  sufficiently  far  downstream  behind  a  blunt  object,  then, 

u,  «  U ,  u  36  U,  u*  »■  (1/  —  u,y  as  U1  —  2t/u,,  v  «  u,; 

and  again,  because  of  the  fact  that  the  flow  speed  of  the  environment,  U  =  a 
constant,  therefore (3L’/9r)  =»  0,  -(SL'/dy)  —  0;  c*>the  basis  of  this,  it  is  possible  to 
make  the  following  simplification 


>£!>*♦ '(£)■-•  (,y7> 


If  we  use  non-dimensional  coordinates,  so  that,  ij  —  —  ,  then,  the  normalized 

P 

function  , 


(■^)  -/(*)- /;  4--/';  03.8) 

/  drj 


The  Prandtl  mixture  distance  is 


-/7,  P 


a  constant  (13.9) 


From  equation  (13.5)  and  equation  (13.8),  it  is  possible  to  obtain 

' 

y  Qjj  Sr/  — •  l 

V  K */-*’  lx'  dy  KiJ~x'  ’03.10) 

du,  df  dr,  nU  t  2  P3^  j 

a7  9 rj  3y  ~  Kx  f  °  “  K 

If  we  take  equation  (13.10)  and  substitute  it  into  equation  (13.7),  then,  it  is 
possible  to  obtain  the  differential  equation  for  the  function,  f,  of  the  normalized 
velocity  differential  ratio 

j,f  _  <,(/')*,  «  can  be  treated  as  a  constant  (1310 
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The  boundary  conditions  are  as  follows:  on  the  boundary  of  wake  flows, 


u‘-°’  a7  -  *•  r-0;  (i 5 : 


On  the  axes  of  wake  flows. 


>7-0,  °<  —  “I-,  ~  -  0,  /  -  1,  r-0.  (13.13) 


In  equation  (13.11),  with  separate  variables ,  ;  by  integration,  it  is 

possible  to  obtain 

Zalfi  —  !J ■  +  C, 

3 

If  we  employ  the  boundary  conditions,  then,  equation  (13.12)  allows  us  to  obtain 

C  -  -  J. 

.3’ 

Because  of  this  fact,  we  can  also  obtain  the  normalized  function 


(13.1-0 

By  employing  the  boundary  conditions  in  (13.13),  we  can  obtain  precise  values  for 
the  constants  9a —1,  /(jj)  —  O  *- 7')1  *  '  (13.15) 

By  the  use  of  experimentation,  it  is  difficult  to  measure  values  for 
u,  —  o, y  —  b  •  because  of  this  fact,  we  can  use  yQ,5  where  =  °'^uim 

in  order  to  draw  Fig  (13.2).  From  equation  (13.15,  we  can  deduce  that 


^-^•0.^1,  . 


jCl3-l^) 


Schlichting  and  Reichardt  have  induced  an  empirical  formula  for  the  radii  of 
diffusion  of  flow  wakes  which  is 


-asse. 

It  is  possible  to  obtain  values  for  the  half-width  of  wake  flows  by  using  the 
relationship  b  ”  0.8  V .  on  the  basis  of  this  relationship,  it  can  also 
be  said  that,  in  equation  (13.5),  A'  —  c.S  ■/  C.bt .  (13  17) 
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Sec  3  Rules  Governing  the  Attenuation  and  Reduction  of  Maximum  Velocity  Dif 
ferentials  Along  Axis  Lines  in  Wake  Flows 


The  wake  from  a  blunt  object  (Fig  13.1)  is  vertically  symmetrical  along  the  x 
axis.  Vertical  to  the  x-y  plane,  every  unit  of  length  of  a  cylindrical  body 
receives  an  aerodynamic  drag  or  resistance  equal  to 


1  (13.18) 

2 

The  aerodynamic  drag  or  resistance  which  is  felt  by  each  unit  of  length  or  a 
cylindrical  body  =  the  rate  of  momentum  loss  in  the  wake  flow;  because  of  this 
fact,  equation  (13.4)  should  be  equal  to  equation  (13.18),  that  is, 

0319) 


By  using  (13.15),  we  can  solve  for  the  integral  of  the  right  side  of  (13.19),  that 
is  to  say, 

“!.(l  ~  -  tM5  (13.20) 

From  equation  (13.19),  we  can  obtain 


-1  C'bja  -  6.45u,.*, 


If  we  take  the  b  from  equation  (13.17)  and  substitute  it  into  (13.21),  then,  we 
can  obtain  ..  r  a.  14  J CJ>\  . 

L  0 _ _  V  °  JJ  ^13  ^  ) 

\/  * 


u,_  -  U 


0.9  X  0.8v  C,8»r  ' 


Fig  13.3 

The  Normalized  Curve  for  the  Attenuation  and  Reduction  of  the  Velocity 
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(Fig  13.3  cont’d)  Differential  Ratio  Along  x  in  the  Wake  Flow  From  a  Cylindrical 

Object  2.  °  Schlichting  Experimental  Data  - Drawn  Out  on  the  Basis  of 

Formula  (13.22) 

If  we  make  a  comparison  with  (13.6),  then,  we  can  see  that  the  experimental  constant 
n  —  i .4  (13.23).  And  now,  it  is  possible  to  obtain  precise  values  for  the 

constants  in  equation  (13.9)  and  (13.10),  that  is 


t>  V  2w  1-18  X  1.-4  •JCJy  [ 


0A&/  (13-24) 


Sec  4  The  Temperature  Distribution  in  the  Wakes  of  Heated  Cylindrical  Objects 

If  we  assume  that,  in  the  wake  of  a  cylindrical  object,  the  temperature  at  a 
given  coordinate  y  =  T,  and  that  the  temperature  differential  t,  —  T  —  T»; 
and,  if  we  further  assume  that  the  temperature  where  y  =  0  on  the  axis  line  of  the 
wake  from  a  cylindrical  object  =  Tm,  and  that  the  temperature  differential  in  this 
case  is  ■■  Tm—TH;  and,  if  we  finally  assume  that  the  temperature  of  the 

environment  around  the  wake  flow  from  a  cylindrical  object  =  TH>  and  that 
the  non-dimensional  coordinate  ;  then,  the  non-dimensional  temperature 

differential  distribution  function 

~ -0(^-  5,  ,(13.25) 

According  to  the  Prandtl  theory,  the  turbulence  flow  coefficient  of  thermal 
conductivity ,*t “  ft h  “  the  mixing  distance.  In  a  wake  flow,  if  one  wants  to 
draw  out  the  minute  or  differentiated  control  layer,  then,  it  can  be  done  on  the 
basis  of  thermal  energy  equilibrium  equations  for  control  layers  as  they  are 
presented  in  Chapter  7,  Sec  4;  an  example  would  be  equation  (9.34) 

w,  +  ~  «|U dy  —  ®  (13.26) 

.  a*  J-  -  dy  .  dy.  ■ 

Because  of  the  fact  thatv  «  U,  u,  —  (U  —  one  goes  sufficiently  far  downstream 
from  a  blunt  body,  then  u at  u  ;  because  of  this  fact,  the  equation  above  can  be 
simplified  to  be 
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0 


(13-27) 


a_ 

dx 


du,  dti 

Qy  dy 


The  rate  of  added  enthalpy  for  an  average-time  quasi-stable  state  wake  flow  as 
compared  with  the  surrounding  flow  is 


pUC,]_~ttdy  — '  a  constant  [ kcal/s]  (13.28) 

If  we  change  this  into  non-dimensional  form,  we  get 

pVC^mb  (■£■)*  (7)  “a  constant  ,  -  (l3.29; 


In  the  normal  stage  of  the  wake  flow 

!.("£)  *(l)  "  a  constant 


(13  30) 


The  equation  above  represents  half  the  integrated  area  under  the  normalized 
distribution  curve  for  temperature  differential.  In  a  non-compressible  flow,  ip  = 
a  constant;  we  already  know  that  the  even  environmental  flow  speed,  U  =  a  constant, 
and  from  (13.29),  we  can  obtain  the  relationship 

*■  a  constant  (7,  —  fH)  — .  a  constant  (13-31) 


T0  =  the  stable  and  unchanging  temperature  on  the  surface  of  a  cylindrical  object, 
and  tgi  =  the  original  stable  temperature  differential. 

If  we  can  assume  that  the  rule  governing  the  attenuation  and  reduction  of  the 
maximum  temperature  differential,  tm,  along  the  axis  line  is  similar  to  the  rule 
governing  the  attenuation  and  reduction  of  the  maximum  velocity  differential,  then, 
according  to  equation  (13.6) 


m 

1 1.  *  —7=  tn,  «  — 
V  * 


an  as  yet  unfixed  constant  (13.32) 


From  equation  (13.10)  and  (13.25) 
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-  -2&L  §t  .  §JL  «  "LEsl  .  & 

w  •*•,  f  ,  Sv  *  *  i  i  —  r)«.  /).,  x-*  * 


■*  ,^r  '  V* •  dy  Ajt 

f*L - L_  ] 

■  l®r.  -Jf -k/T'J 


03.33) 


If  we  employ  the  Taylor  mixing  distance  from  Chapter  9,  Sec  7,  then, 


1T  -  Kx  -/l". 


(13.34) 


If  we  take  the  equations  (13.34),  (13.33),  (13.31)  and  (13.10)  and  substitute  them 
into  the  thermal  energy  equilibrium  equation  (13.27),  then,  after  simplification, 
we  can  obtain 


ijfi  -  lai'ff,  L - 2_. 

0  2a/' 


03.35) 


If  we  refer  to  equation  (13.11),  then. 


Vf  -  *(jy,  4-3S 

and,  if  we  make  a  comparison  with  equation  (13.35),  then,  we  can  obtain 


51_JL.iL 

■e  2  t * 


By  integration,  we  can  obtain 


and,  because  of  this  fact  0  —  c  \T~f  .  On  the  axis  line,  ^  /  “*1 »  therefore, 

<13.36)  ;  therefore,  since  we  already  know  that  the  distribution  function 

for  the  normalized  velocity  differentials,  /(jj>  ,  has  a  certain  value,  the  normalized 
distribution  for  temperature  differential  is 


i  -  ©(,)  -.-lit.  -  *  [:  U\—  o  -l  *  .  - 

.  f»-  Tm  —  TM  .  JL  £/  —  U.J 

-  (f-)1  -  IK*))*  -O-  V);  ^  .r  <i3.57) 


Sec  5  Laws  Governing  the  Reduction  of  Maximum  Temperature  Differentials  in 

Wakes  Along  Axis  Lines 


Let  us  consider  for  a  moment  half  the  thermal  energy  dissipated  every  second 
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from  the  surface  of  a  cylindrical  body  for  each  unit  of  its  length;  if  we  assume 
that  a  =  the  coefficient  of  thermal  dissipation  Ekeal/m1 • *  •  K]  ,  then, 

q  a(T,--  T£>xS,  *:1  —  altttxb,  [kaj/*]  03.38) 

This  heat  flow  should  be  equal  to  the  rate  of  increase  in  enthalpy  of  the 
surrounding  flow,  that  is, 

PVC,tlmb  (■  (-*-)  cu^ib,  *i'  (13.39) 

'  •  v  '  *  /  .  7  •  <  .  f  *  r  .  f 
r  •»  •  .  •  ■  • ,  ‘ 

^(-j)  **  |s  Wu  ”  (I  ~  (13.40) 


If  we  take  the  expression  from  equation  (13 .17) , b  —  0.8 v  Cx6,x  ,  and  substitute  it 
into  equation  (13.39)  and  we  also  utilize  equation  (13.40),  then,  it  is  possible  to 
obtain 


m 


t  _ ®«6» 

0.6 C,pU  X  0.8\/ CMb* 

i  6'55a  (  b*  V 
*lC.pU  \C,xJ 


(13.41) 


It  is  first  necessary  to  pick  precise  values  for  the  quantities:  ® ,  the  coefficient 
of  thermal  diffusion  from  the  surface  of  a  cylindrical  body;  the  environmental  flow 
speed,  U;  the  coefficient  of  aerodynamic  drag  or  resistance  of  a  cylindrical  body, 

Cx;  the  isobaric  specific  heat  of  gases,  Cp;  the  radius  of  the  cylindrical  body, 
and  the  initial  temperature  differential,  T,  —  TH  »  only  after  this  is  done 

is  it  possible  to  draw  out  the  curve  for  the  attenuation  and  reduction  of  the 
maximum  temperature  differential  along  x  in  accordance  with  equation  (13.41). 


Sec  6  Distributions  of  Typical  Temperature  Differentials  and  Speed  Differentials 

of  Axially  Symmetrical  Wakes 

If  we  assume  that  the  blunt  object  in  Fig  (13.1)  is  a  sphere  with  a  diameter 
<*,  —  Zr,  ,  then,  the  wake  behind  the  sphere  expands  symmetrically  until  it  reaches 
the  limiting  radius  '><■».  If  we  still  follow  the  method  put  forward  in  the 
previous  section,  then,  where  r0>5,  «.  o.5ui„  ,  and,  if  we  assume  that 

u,  -  U  -  u,  -  V  -  u.,  -  7*  -  T H,  tlm  -  r.  -  Th,  t,  -  -I; 

r 

then,  on  the  basis  of  the  equilibrium  of  the  impulse  forces,  we  can  obtain 
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Fig  13.4 

1.  Temperature  Distribution  in  the  Axisymmetric  Wake  Behind  a  Blunt  Object 

2  . ■«  I'.i  Halt and  Hislop  Experiments; - Calculated  Temperature  Differential, 

-  Calculated  Velocity  Differential 

Vf  -  -V)V  /  -  4-i  (13.42) 

-*1 

a1  —  3»0*,  .  a  *•  -y.; 

Using  the  boundary  conditions  17  —  0,  /  —  I ,  ij  —  1,  /  —  0,  f  —  0‘,  if  we  integrate  equation 
(13.42),  then,  we  can  obtain 

y5- =*/(»?)“  (1  —  r)*,  (13.43) 

Let  us  assume  that 

<?  -  -  *(«?>, 

Using  the  method  put  forward  in  the  previous  section,  we  can  obtain  ■■  2«*f<T  ( 13  44) 
and,  if  we  make  a  comparison  between  this  and  equation  (13.42),  then,  we  can  obtain 


e  -  -  -/Too  -  a  -  V*>  03.45) 

*i»  • 

The  normalized  distributions  of  temperature  differentials  and  velocity  differentials 
in  axisymmetric  wakes  are  as  shown  in  Fig  13.4. 
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Sec  7  Shapes  of  Back-Flow  Areas  Behind  Blunt  Objects  in  Conduits 


In  combustion  chambers,  one  often  uses  the  vortical  reflux  areas  behind  blunt 
objects  for  the  purpose  of  providing  a  source  of  continuous  ignition  in  order  to 
maintain  the  stability  of  combustion.  If  we  assume  that  the  interior  diameter  of 
the  round  tube  is  =  R,  that  the  radius  of  the  blunt  object  is  =  B,  we  can  then 
assume  that  the  blockage  ratio ,  •  *  We  will  also  assume  that  the  even 

axial  flow  speed  for  a  round  conduit  is  =  u^,  that  the  even  counter-current  flow 
speed  in  the  core  of  a  wake  flow  is  =  u2,  and  that  the  flow  speed  ratio  is 
m  =  u  1  .  The  surrounding  flow,  at  point  0  on  the  after  edge  of  the  blunt 

object,  divides  up  to  become  the  mixing  boundary  layers  0-1-2,  as  shown  in  Fig  13.5. 
The  width  of  expans 'on  of  a  parallel  flow  mixing  layer  =  b,  and  the  width  ratio  is 
£  =*  (i.'B)  .  Because  the  pressure  behind  the  blunt  object  is  low,  the  surrounding 

flow  rolls  up  on  itself  in  an  axisymmetrical  fashion  and  forms  an  elongated  and 
flattened  vortical  ring.  MM’  is  the  plane  of  the  vortical  ring.  0-1  =  the 
exterior  boundary  line  of  the  mixing  layer,  0-2  =  the  interior  boundary  line  of  the 
mixing  layer,  0-3-N  is  the  boundary  line  of  the  area  of  reflux  flow,  0-4-N  is  the 
dividing  line  between  the  parallel  flow  and  the  counter-current  flow;  on  this  line 
the  axial  flow  speed  is  u=0;  however,  the  tangential  and  radial  flow  speeds  v  and 
w  are  not  both  equal  to  zero.  Within  mixing  layers,  the  flow  speed  decreases  from 

U1  on  the  exterior  boundary  line  to  zero  and  then  changes  again  to  be  -U2  in  the  core 

of  the  wake  flow  core.  If  we  take  0-x  to  be  the  coordinate  axis,  then,  along  the 
line  MM',  the  vertical  coordinate,  y^,  is  positive  on  the  exterior  boundary  line  of 
the  mixture  layer;  the  coordinates  y3  for  the  boundary  of  the  area  of  reflux  flow, 
y 4  for  the  boundary  which  marks  off  the  counter  current  flow,  and  y2  for  the 

‘interior  boundary  are  all  negative  values. 

If  we  assume  that  the  non-dimensional  vertical  coordinate  is 


,  if  we  follow  the  analytical  methods  put 
forward  in  Sec  2,  then,  it  is  possible 


to  obtain  the  non-dimensional  velocity  differential  distribution 


U|  —  u 

u,  —  Uj 


f(v)  “  Cl  -  i?”)1 


(13  ^6) 
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gg  13. 5 

Fig  13.5 

1.  An  Illustration  of  the  Axially  Symmetrical  Reflux  Flow  Area  Behind  the  Blunt 
Object  B  in  a  Round  Tube  2.  Surrounding  Flow  3.  Wall  of  the  Tube  A.  Blunt 
Object  5.  Wake  Flow  Core  6.  Counter-current  Flow  Area  7.  Parallel  Flow 
Area  8.  Axis  of  Symmetry 

Sec  8  Estimated  Measurements  of  the  Back-Flow  Areas  Behind  Blunt  Objects  in  Conduits 

If  we  refer  to  Fig  13.5,  then,  the  area  of  reflux  flow  can  be  divided  into  a 
forward  and  aft  section:  on  the  plane  MM’,  let  us  take  a  look  at  1^  for  the  forward 
section  and  12  for  the  after  section.  In  the  1^  section,  due  to  the  fact  that  there 
is  induced  roll  up  in  the  surrounding  gas  flow  and  because  of  turbulence  flow  trans¬ 
fer,  gases  pass  from  the  area  of  counter-current  flow,  across  the  boundary  line  0-4- 
N  and  enter  into  the  area  of  parallel  flow.  In  the  I2  area,  because  of  the  fact 
that  there  is  a  positive  axial  pressure  gradient  ■+■  (dp/dx)  ,  gases  are  forced  from 
the  area  of  parallel  flow  across  the  boundary  line  0-4-N  and  into  the  area  of 
counter-current  flow.  In  average  time  quasi-stable  state  flow  fields,  the  amount  of 
gas  that  flows  out  from  the  1^  area  and  out  of  the  area  of  counter-current  slow 
should  be  equal  to  the  amount  of  gas  that  flows  from  the  l£  area  and  into  the  area 
of  counter-current  flow.  This  portion  of  recycled  gases  most  certainly  is  not 
entirely  from  the  area  of  counter-current  flow  and  its  gases;  it  is  continuously 
renewed  in  the  cycle  of  the  gases  entering,  being  burned  and  being  brought  back  in 
the  reflux  flow.  The  length  of  the  area  of  reflux  flow  is  /,  —  lt  -t-  h  .  If 
we  take  B  as  the  basis,  then,  the  non-dimensional  length  of  the  area  of  reflux 
flow  is  l  =  (i/B)  -  C /,/S)  +  (LB)  =  I,  (13.4?) •  The  non-dimensional 
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vertical  coordinate  is 


y» 


yi 

B  * 


yj  — 


JS 

B  * 


y« 


2*. 

B ' 


The  non-dimensional  horizontal  coordinates  are 


t  ,  I  is  figured  from  the  back  edge  of  the  blunt 

B  1-  0  object  KK' , 

If  we  assume  that  there  is  isobaric  mixing  in  the  1^  section,  then,  we  can  check  out 
the  impulse  force  equilibrium  in  the  intake  and  exhaust  of  the  control  area  KK'ZZ’ 
and  get 


puijr(B2  —  B1)  -  pui*[RJ  -.( B  +'yd*}  ..r 

+  :*/o£‘  +  y)dy  -+-pi4*(B,+ (13.48) 

For  the  equilibrium  of  gas  flow  in  the  intake  and  exhaust  we  get 
pu.irCj?1  —  #0 -•  pu,*!#1  —  (B 

J  M  ‘  * 

+  2*p\  '  *3 dy  +  pvt&B  Vx*)1  (13-49) 

The  amount  of  recycled  gas  flow  in  the  area  of  reflux  flow  is 

2*p  (  u(B  +  y)dy  (13.50) 

In  the  plane  MM',  if  we  assume  that  the  average  flow  speeds  of  the  area  of 
parallel  flow  3-»4  and  the  area  of  counter-current  flow  2-*4  both  have  equal 
values  u,  or  that  the  ring-shaped  cross  section  3-*4  -  the  ring-shaped  cross 

section  2-*4  ,  that  is  to  say  that,  then,  *< B  +  y,)J  —  ,( b  -p y«)1  —  *< B  +  y,)*  (13.51). I 

we  now  take  the  three  equations  from  equation  (13.48)  to  equation  (13.50)  and,  one 
at  a  time,  simplify  them  by  eliminating  u2,  B2  and  u^B2,  change  them  to  non- 
dimensional  equations,  take  t.  to  be  the  independent  variable,  and  solve  by  the  use 
of  graphs  (see  G.N.  Abramovich,  Theory  of  Turbulent  Streams  ,  1960,  pp  466-473.) 
then,  it  is  possible  to  solve  for  the  flow  speed  ratio  w  “  (uj/u,)  —  f(7)  (Fig  13.6) 
and  the  vertical  coordinates  for  the  area  of  reflux  flow  yj,  y„  y,  as  they  are 
distributed  in  terms  of  changes  in  l  (Fig  13.7);  it  then  becomes  possible  to  draw 
out  the  shape  of  the  area  of  reflux  flow. 

According  to  the  conditions  which  pertain  to  equation  (13.51),  it  is  possible 
to  solve  for  the  flow  speed  ratio  .m  <-  —  o.51,  7,  —  3.1  in  the  plane  MM'. 


273 


m 


Fig  13.6 

1.  Changes  in  the  Flow  Speed  Ratio 
m  in  the  1^  Section 


Fig  13.7 

1.  Distribution  of  Non-dimensional 
Coordinates  in  the  1^  Section 


Because  this  is  so,  in  the  tube  or  conduit,  the  overall  length,  lc,  of  the  area  of 
reflux  flow  behind  a  blunt  object  is  approximately  equal  to  J,—  0.85  ,  or  a  value 
four  times  the  height  B  of  the  blunt  object,  that  is,  /t  + /j  as  4  (13.52), 

The  equation  above  is  appropriate  for  use  with  the  flow  speed  ratio  *"  ot  0.5, 
as  well  as  a  blockage  ratio  ft  as  0.75,  B »  0.866  R  (where  R  is  the  radius  of  the 
tube  or  conduit).  This  method  assumes  that  there  is  isobaric  mixing,  and  it  does 
not  take  into  consideration  the  influence  of  boundary  layers  along  the  walls  of 
the  tube;  because  of  these  facts  it  is  not  adequately  accurate. 
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Chapter  14  Jet  Diffusion  Plumes 


Sec  1  Forms  of  Jet  Diffusion  Plumes 

Combustion  is  the  result  of  the  violent  collision  and  compounding  of  molecules 
of  a  gaseous  fuel  and  oxygen.  If  the  number  of  molecules  of  oxygen  and  gaseous 
fuel  is  large  enough  (that  is  to  say,  if  the  environmental  or  ambient  pressure  is 
high  enough),  moreover,  if  there  is  even  mixing  according  to  the  appropriate  ratio 
Q  for  chemical  reactions,  and  the  speed  of  molecular  motion  is  adequately  high 
(that  is  to  say  that  the  ambient  temperature  is  adequately  high)  and,  therefore, 
the  energy  of  collision  is  adequately  large,  then,  combustion  will  be  very  fast. 

The  time  occupied  by  combustion  does  not  even  reach  one  millisecond.  Because  of 
this  fact,  when  one  is  considering  the  case  of  even  pre-mixing  before  combustion  it 
is  very  important  to  maintain  control  by  means  of  the  mechanism  of  the  chemical 
reaction,  that  is  to  say,  by  means  of  the  Arhenius  formula  that  relates  the  rate  of 
chemical  reaction  to  the  ratio  of  concentrations  and  temperatures. 

In  turbine  jet  combustion  chambers,  general  or  multi-purpose  liquid-type  fuel 
is  vaporized  and  mixed  with  air.  This  does  lead  to  vaporization  of  fuel  prior  to 
its  reaching  the  jet  nozzle  or  the  vaporization  tube;  however,  it  is  still  not  evenly 
pre-mixed  fuel.  This  type  of  vaporized  fuel  jet  is  diffused  into  and  interacts 
with  the  surrounding  air  in  the  form  of  combustion,  and  this  is  called  a  jet 
diffusion  plume.  It  is  important  that  the  speed  of  combustion  be  decided  on  the 
basis  of  the  speed  of  turbulence  diffusion  mixing.  Fig  14.1  is  an  illustration 
of  the  diffusion  plume  of  a  round-aperture  jet.  Fig  1.2  shows  the  jet  plume  used 


1.  Illustration  of  the  Diffusion  Plume  of  a  Round  Aperture  Jet  2.  In  the 
Environment  3.  Boundary  of  the  Jet  4.  Flame  Tip 
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Let  us  assume  that  the  diameter  of  the  jet  nozzle  is  * 2rt  ,  that 
the  uniform  jet  flow  speed  in  the  nozzle  is  ■  uQ,  that  the  original  concentration  of 
the  gaseous  fuel  is  cD,  and  that  the  original  temperature  is  T0.  The  length  of  the 
jet  core  is  x0.  An  axisymmetric  disturbed  jet  flow  field  can  be  divided  into  two 
areas  or  regions;  I  is  an  area  which  only  has  fuel  and  fuel  that  has  already  been 
burned  in  it.  II  is  an  area  that  only  has  oxygen  and  already  burned  fuel  in  it. 

The  layer  that  divides  the  two  areas  is  called  the  "flame  tip  or  peak",  that  is  to 
say,  the  surface  of  the  flame;  this  surface  is  called  q>  .  On  the  flame  tip,  $  , 

T  =  T  $  ,  which  is  the  maximum  temperature  of  combustion.  The  concentration,  c^ 

of  the  fuel  within  in  the  surface  of  the  flame  tip  diffuses  in  the  direction  of  the 

surrounding  environment.  The  concentration  of  oxygen  which  is  contained  in  the 

surrounding  environment  diffuses  toward  the  flame  tip  and  is  called  C£.  Because  the 
chemical  reaction  is  very  fast,  in  fact  occupying  almost  no  time  at  all,  cj  and  C2 
combine  according  to  the  appropriate  chemical  ratio,  Q  ,  and,  when  they  diffuse 
toward  and  reach  the  surface,  $>  ,  they  are  immediately  burned  up  and  become  gases 
which  have  already  undergone  combustion.  Because  of  this,  on  the  flame  tip, 

<1  *■  0,  e3  mm  o  .  Besides  this,  because  of  the  fact  that  turbulence  flow  masses  of 
gas  pulsate  and  tumble  over  each  other,  there  is  an  exchange  as  heat  and  kinetic 
energy  across  the  surface  of  the  flame  tip.  Within  the  flame  tip  and  outside  it, 
along  the  direction  y,  the  distributions  of  the  concentrations  cj  and  C2»  of  the 
temperature  differential,  T  —  T ,  £T  and  the  kinetic  pressure  pu'  are  as 

shown  in  Fig  14.1.  Given  an  equal  temperature,  on  the  surface  T  <j>  ,  c  <♦,  =0. 

Sec  2  Unstable  Heat  Conduction  Equations 


From  the  midst  of  an  axisymmetrical  disturbed  jet  flow  field,  we  can  separate 
out  six  fan-shaped,  differentiated  areas  ydOdydx  —  dV  .  Let  us  assume  that 
there  is  only  a  thermal  conductance  flow  along  the  radial  direction  y.  If  this  is 
so,  then,  the  thermal  flow  which  enters  the  control  area  has  a  differential,  dV,  = 
the  rate  of  change  of  thermal  energy  within  the  control  area  (Fig  14.2).  Let  us 
assume  that  the  rate  of  thermal  conductance  for  the  turbulence  flow  •>  k,  then,  the 
density  flow  of  thermal  conductance  is 


[kcal,  m’  •  f] 


<14.I) 
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Fig  14.2 


Let  us  assume  that  the  coefficient  of  thermal  conductivity  is 


JL  _ 


If  this  is  true,  then. 


dr  T1  bf  y  by  J 


firlm*/*].  , 


,  and  t  represents  time 


(14.2) 


The  standard  solution  for  the  equation  of  unstable  thermal  conductivity  (14.2)  is 
to  take  T  and  y  to  be  the  coordinates  and  to  take  r,  to  be  the  "error  function" 


parameter . 


Sec  3  Analogical  Generalization  of  Unstable  Heat  Conduction  Equations 


According  to  the  previous  sections,  it  is  possible  to  put  forward  the  definition 
that  momentum  density  flow  “  ^  “J*'  ;  AT  ■■  T  —  7*  J  ,  t^e  enthalpy 

differential  density  flow  —  purjAT  —  t,  Af  —  fi  '  /  ,  or 

e,  —  0  ;  the  concentration  density  flow  —  puAfj— s,  J-  (14.3). 

The  mechanisms  of  the  diffusion  of  temperature  and  concentration  are  the  same,  that 
is  to  say  that  the  normalized  functions  for  the  distributions  of  temperature 
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and  concentration  are  same  (see  Chapter  9).  However,  the  mechanisms  for  the 
diffusion  of  momentum  and  temperature  as  well  as  concentration  are  not  the  same. 
This  phenomenon  is  a  reflection  of  the  Prandtl  number,  Pr  and  the  special  vortical 
number.  Sc;  that  is  to  say  that  the  turbulence  flow  Prandtl  number  is 

Pr  -  —  <  1 , 

St 


The  special  vortical  number  is 


Sc  - 


(14.4) 


Concerning  the  question  of  the  mixing  of  gases  in  combustion,  it  is  possible  to  use 
the  values  Pr  =  Sc  =  0.75,  that  is  to  say  that  the  turbulence  flow  kinetic  viscosity, 
e-*  0.75eT  “  °-75£>t  .  DT  =  the  turbulence  flow  coefficient  of  diffusion  (m^/s) 

the  turbulence  flow  coefficient  of  thermal  conductivity,  *t  .  The  significance  of 
the  Prandtl  number  Pr  <  1  is  that,  within  the  same  interval  of  time,  Ar  ,  the 
diffusion  of  thermal  energy  and  concentration  is  faster  than  the  diffusion  of 
momentum  by  quite  a  bit,  it  extends  considerably  farther,  and  it  has  an  area  of 
diffusion  l  ,  which  is  considerably  larger.  There  is  a  turbulent  transference 
between  the  section  of  flow  which  has  a  high  temperature  and  a  low  velocity  and  the 
section  of  flow  which  has  a  low  temperature  and  a  high  velocity;  because  of  this 
fact,  the  overall  enthalpy  quotient  for  the  section  of  flow  with  the  high  velocity 
is  supplemented  from  the  outside.  On  a  cross  section  of  the  jet,  the  distribution 
of  overall  temperature  is  uneven,  and,  in  places  where  the  flow  speed  is  high,  the 
overall  temperature  is  also  high.  Let  us  assume  that  **  ■"  cAr,  ■—  erAr,  f,  —  DtAt  , 

Let  us  use  the  new  variables  fi  “  fi(«0  to  replace  the  duration  symbol,  r, 
in  equation  (14.2),  and  let  us.  take  z^,  Z2,  and  Z3  in  equation  (14.3)  to  be  dependent 
variables;  if  we  do  this,  then,  it  is  possible  to  write  three  differential  equations 
similar  to  equation  (14.2),  as  follows, 


- gcg a, aw) ,  i_ d(pu') 

edr  dy1  y 

.  auuyAT)  _  aw.AT) 
~dP  ' 

+  JL  a(pur.AT) 

y  dy 


ttdr 


(14.5) 


(14.6) 
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a=tt-  wsa^ 


0(puAf~)  _  d(puAf)  ^  gjCpuAr) 
Djdr  9{j  *  dyJ 


+  _1_  9(guAr) 
y  a,  * 


(M.7) 


4u  &i> £>  respectively  represent  momentum,  thermal  energy,  and  concentration 
in  terms  of  the  dimensions  of  their  respective  areas  of  diffusion.  If  we  make 
a  deduction  from  the  relationship  between  e,*r  and  DT>  then,  it  is  possible  for 
us  to  acknowledge  that  f,  as  0.75  as  0.75  {,  —  £,(*)  —  Kx*  (l-.S).  Equations  (14.5), 
(14.6)  and  (14.7)  can  all  be  deduced  to  be  partial,  linear  differential  equations 
of  the  second  degree  with  a  parabolic  form  and  using  the  dependent  variable  z^, 
that  is  to  say  that  this  is  a  description  of  the  equations  for  jet  diffusion  plumes: 


dz, 

BS. 


1,  2,  3. 


(14.9,' 


Sec  4  Boundary  Conditions  for  Jet  Diffusion  Plumes 

The  I  area  inside  of  the  flame  tip  <f  only  contains  fuel  and  gases  that  have 
already  been  burned.  When  x  —  0,  5.  —  0.  0  ^  y  <  r„ 
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In  the  II  area  outside  of  the  flame  tip  ■»  ,  there  is  nothing  but  oxygen  and 
gases  which  have  already  been  burned.  When  ».  ”  °»  r0  <  y  <  oo  ,  and 
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Right  on  the  flame  tip,|  —  f„  y  =  y„  x:  —  *.  —  0;  let  us  now  assume  that  the 
diffusion  coefficient  for  fuel  in  turbulence  flow  =  ,  that  the  turbulence  flow 

diffusion  coefficient  of  oxygen  =  D2,  and  that,  along  the  normal  line,  n,  of  the 
surface  $  ,  the  diffusion  density  flow  from  the  inside  toward  the  outside  and  from 
the  outside  toward  the  inside  are  both  distributed  in  precisely  the  correct  way,  then. 

Because  of  the  fact  that  we  are  dealing  with  asymmetrical  flow  fields,  on 
the  axis  line. 


>-0, 


CHI5) 


Sec  5  Solution  Methods  for  Jet  Diffusion  Plume  Equations 

If  we  employ  the  similar  variable  method  as  well  as  using  the  "Chuan  Id  Ye 
Integration"  method  as  well  as  the  boundary  conditions  from  (14.10)  to  (14.15), 
then  it  is  possible  to  solve  the  differential  equation  (14.9)  and  obtain  the 

1 

functional  equation  *,“■<  +  (*'»  *<  “  a  conscant  (14,16) .  According  to  Fig  7.3, 

if  one  uses  the  extreme  coordinates  r  and  a  of  a  jet  line  from  a  point  source,  then, 
x  —  rcoso,  y  — r  sina,  and  the  function  for  the  equation  above  is 


V(f.y) 


y*  +  r3  —  »U>  gj 

4*. 


1  dr  do 

(HI’) 
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At  the  very  tip  of  the  plume 

V<LZ*m>  0)  —  1  exp  [—  —*-] ,  (g^-KLO 

.  :  (H.18) 

If  the  initial  flow  speed,  uQ>  from  a  round  aperture  jet  is  evenly  distributed 
along  the  radius,  rQ>  then,  in  the  case  of  equation  (14.17),  it  is  possible  to 
consult  the  "probability  error  function  table,"  and  to  utilize  the  numerical 
integration  method  to  obtain  the  solution  V(£,y) 

Let  us  assume  that  the  isobaric  specific  heat  is  Cp,  that  the  rate  of  thermal 
conductivity  in  turbulence  flow  is  k,  that  the  coefficient  of  diffusion  in 
turbulence  flow  is  =  D-j  and  that  all  of  them  are  constants;  if  we  assume  all 

these  things,  then,  if  we  follow  the  boundary  conditions,  we  can  obtain  the 
solution  shown  below: 

£Hi  _  5r(S.)0, 


on  the  axis  line. 


y 


o. 


ptui 


(14.1V  i 


If  we  are  concerned  with  the  I  area,  then. 
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If  we  are  concerned  with  the  II  area,  then, 
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Sec  6  Experimentally  Determined  Data 

If  we  use  a  shadowgraph,  a  sclieren  instrument  or  a  laser  interference  meter 
in  order  to  take  some  photos,  then,  it  is  possible  to  photograph  the  shape  of  the 
flame  plume  turbine  gallery;  because  of  this  fact,  it  is  possible  to  measure  the 
coordinates,  x  <f>  ,  y  $  ,  of  the  surface  of  the  flsoe  tip  $  . 

An  analysis  of  the  dimension  of  the  new  variable,  5  ,  should  be  an  area  (m2) 
because  of  this  fact,  the  function  defining  the  relationship  between  %  and  x  is 
£.(*)  '“K*‘  .  This  K  is  a  constant  which  is  determined  by  experimentation  by  the 
use  of  the  method  presented  below. 

We  already  know  the  original  kinetic  pressure  of  the  jet  p*>l  »  and,  if  we 
measure  the  kinetic  pressure,  pjm  ,  on  different  cross  sections  along  the  axis 
line,  x,  then,  it  is  possible  to  obtain  the  equation  for  the  relationship  of  the 
distribution  of  the  kinetic  pressures  along  the  axis  line,  that  is. 


aS  ~  04.22) 


According  to  the  formula  (14.9),  it  is  possible  to  consult  the 

probability  function  table  and  figure  out  as  it  increases  with  changes  in 

»«  as  well  as  the  equation  which  governs  the  relationship  that  controls  its 
attenuation  and  weakening,  that  is, 


i.li 

thu*  W,  /  4' 


(H  13) 


From  the  functions,  /(*)  and  FO/l,),  for  the  attenuation  and  weakening 
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of  the  kinetic  pressure  which  can  be  figured  from  consulting  tables  and  by  the  use 
of  empirical  measurements,  it  is  possible  to  draw  out  the  relationship  between  5 
and  vT-  We  can  ta^e  ^ *'■  and  *  and  let  them  be  the  vertical  and  horizontal 
coordinates  and,  in  this  way,  draw  out  the  curve  for  them,  as  shown  in  Fig  14.3.  A 
method  of  the  same  type  makes  it  possible  to  solve  the  relationship  between  >/ h-  and 
*  .  Because  of  this  fact,  it  is  possible  to  deduce  the  fact  that  j)  . 


Fig  14.3 

The  Curve  for  the  Relationship  Between  v']T  and  f  2.  Experiment  3.  Calcula¬ 
tion 

From  Fig  14.3,  it  is  possible  to  see  that  curve  which  represents  the  changes 
in  Vfi  as  it  varies  with  changes  in  £  is  almost  a  straight  line.  The  rate  of 
slope  of  the  straight  line,  '■l?  ,  can  be  measured  out.  Because  of  this  fact, 

a  0  04,  or,  «*tg20x>  —  Kxl  (14.24')  •  Due  to  this  fact,  if  we 

determine  a  precise  value  for  the  constant,  K,  and  choose  a  value  of  Pr  =  0.75, 
then,  from  equation  (14.8)  Si*  Prf;  «>  Prfj  >  and  we  can  determine  precise  values 

for  5i  and  {,.  On  the'  basis  of  the  solutions  for  the  equations  (14.19),  (14.20) 
and  (14.21),  it  is  possible  to  figure  out  the  distributions  for  concentration, 
temperature  differential  and  kinetic  pressure  along  y. 

Sec  7  Estimating  the  Length  of  Jet  Diffusion  Plumes 

The  formula  for  the  mutual  diffusion  along  the  interior  and  exterior  normal 
lines  of  the  surface  of  the  flame  tip,  as  shown  in  equation  (14.14)  are  also 
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suitable  for  use  on  the  apex  point  of  the  flame  plume  where  y  —  0 A CL\ 

On  the  flame  tip,  the  fuel  concentration,  cj,  and  the  concentration  of  contained 
oxygen,  c £,  are  both  equal  to  zero,  and  the  turbulence  flow  diffusion  coefficient 
Dj  =  D 2 •  At  the  apex  point  of  the  flame  plume,  the  normal  line,  n,  is  nothing 
else  than  the  direction  of  the  coordinate  \  .  Because  of  this  fact,  on  the  basis 
of  equation  (14.14) 
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From  equation  (14.20),  we  get 

£i  Jlerfpfa,  y)» 

A  /A 


and,  from  equation  (14.21),  we  get 
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If  we  first  separately  differentiate  (cj_/c0)  and  (c2/c  «  )  in  terms  of 
then,  substitute  into  equation  (14.25).#we  can  obtain 
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From  equation  (14.26)  it  can  be  seen  that  the  appropriate  value  for  the  chemical 
ratio,  2  ,  is  already  fixed,  and  that  the  original  fuel  concentration,  cD,  is 
already  fixed,  and  so  it  is  also  true  that  the  length  of  the  diffusion  plume  L  of  a 
jet  is  determined  by  the  jet  nozzle  d0.  That  is  to  say. 
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a  constant,  d0  is  somewhat  larger,  and 
L  is  somewhat  longer. 

Fig  1.2  employs  the  two  rings  of  quite  numerous  small  jet  nozzles  which  are 
arranged  in  an  interior  ring  and  an  exterior  ring  in  the  forward  section  of  a 
double  ring  cavity,  and,  although  the  diameter  of  these  apertures,  dQ,  is  small, 
their  number  is  large.  The  object  of  doing  this  is  to  shorten  the  length  of  the 
flame  plume,  L,  and,  because  of  this,  to  shorten  the  length  of  the  combustion 
chamber . 

In  Fig  14.5(a),  (b)  and  Fig  (14.6)(a)  and  (b)  we  see  a  comparison  between 

the  data  obtained  experimentally  and  the  values  calculated  on  the  basis  of  the 

methods  put  forward  in  this  chapter  for  the  calculation  of  the  distributions  of  the 

temperature  ratio  and  the  kinetic  pressure  ratio  for  a  jet  diffusion  plume  in  two 

_  .  y 

different  cross  sections,  *  ,  along  y  .  Fig  14.4  is  a  comparison  between 

the  distributions  of  kinetic  pressure  ratios  along  the  axial  direction  as  these 
distributions  were  obtained  on  the  basis  of  theoretical  calculations  and  empirical 
measurements.  u,-*40~70  c,  —  0.053  0.12  [fcg/kg],  T,  ~  1100  1300  [K], 

The  fuel  is  propane  and  butane. 
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Fig  14.4 

1.  Distribution  of  Kinetic  Pressure  Ratio  Along  x/d0 
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Fig  14.6 

Distribution  of  the  Temperature  Ratio  Along  y/r 


Chapter  15  Turbulence  Diffusion  and  Combustion 


Sec  1  Strength  of  Turbulence 

If  one  observes  the  boiler  rooms  in  great  storms  or  the  black  smoke  which  comes 
out  of  the  smoke  stacks  on  the  front  of  locomotives  as  that  smoke  rolls  over  and 
over  itself,  as  it  is  turned  over  and  drawn  into  itself  without  ceasing,  then  one 
can  observe  that  this  smoke  and  dust  diffuses  in  a  lateral  flow  and  gradually 
thins  out  to  nothing.  This  is  nothing  other  than  the  phenomenon  of  turbulence 
flow  diffusion.  In  the  flame  tubes  of  combustion  chambers,  the  globules  of  vapor¬ 
ized  fuel,  the  fuel  vapor,  the  oxygen,  the  kinetic  energy,  the  thermal  energy  and 
all  the  rest  take  on  the  vortical  turbulence  and  are  diffused  over  a  wide  area, 
increase  their  speed  of  mixing  and  augment  the  combustion.  When  the  time  comes, 
then,  the  velocity  field,  the  concentration  field,  and  the  temperature  field 
all  tend  toward  a  uniform  distribution.  Sec  7  of  Chapter  9  talks  about  how, 
because  of  the  influence  of  viscous  friction,  vortices  can  attenuate  and  change  so 
that  they  are  split  up  into  turbulence  flows.  Turbulence  flow  is  nothing  else 
than  an  uncertain  number  of  large  and  small  vortical  masses  of  gas  which  pulsate 
and  roll  over  and  over  each  other.  It  is  also  possible  to  say  that  vortices  are 
large  scale  turbulence  flows  and  that  turbulence  flows  are  vortices  of  small 
dimensions.  At  a  specific  point  in  space,  the  vector  components  of  flow  speed, 

,  the  pressure,  p,  the  concentration,  c,  the  temperature,  T,  and  the 
energy,  E,  all  vary  irregularly  with  changes  in  the  time,  t.  The  numerical  values 
which  are  measured  by  contact-type  sensors  are  "average  time"  flow  speed  UyVyWi 
and  pressure,  f>>  and  concentration,  r,  and  temperature,  f  ,  and  so  on.  Adding  an 
apostrophe  to  the  angles  above  represents  their  pulsation  values  w  *  ?’*  c>*  , 

and,  given  this,  then,  the  instantaneous  value  >*  the  average  time  value  +  the 
pulsation  value,  i.e.,  U~V  +  u'  ,  and  other  similar  cases  can  be  treated  in  the 
same  way  (15.1). 

If  we  use  photoelectric  methods  or  small  inertia  sensors,  then,  it  is  possible 
to  record  instantaneous  flow  speeds  U  or  pressures,  p,  in  the  form  of  pulsation 
wave  forms  (Fig  15.1).  According  to  the  "mean  value  limit  theory"  of  statistical 
physics,  if  we  take  the  mean  value  C  as  the  basis,  then,  the  chances  for  the 
pulsation  value,  u',  to  deviate  to  the  positive  or  negative  direction  are  equal. 
Because  of  this  fact,  the  average  statistical  instantaneous  value  for  the  amount  of 
pulsation  is 
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Fig  15.1 

1.  Turbulence  Flow  Pulsation  Waveform 

u"'  -  ~  |*  udt  -  0,  (15.2) 

and  similar  cases  can  be  figured  in  a  similar  fashion.  One  can  see  from  Fig  15.1 
that  the  positive  and  negative  areas  between  the  turbulence  flow  pulsation  wave 
and  the  horizontal  line,  V  cancel  each  other  out.  When  the  area  between  the 
pulsation  wave  and  the  axis  is  eliminated  by  the  time  of  investigation,  t,  then, 

one  can  obtain  an  average  time  flow  speed,  U  .  Let  us  assume  that  “TS  ■  the 

period  of  pulsation;  if  we  can  assume  that  then, 

£  -  —  f  Vdt  (15.3) 

i  )• 


The  "mean  square"  of  the  pulsation  value  ,  the  "mean  product"  uv  and  the  "mean 
square"  S  —  77,  can  all  he  figured  in  similar  ways  and  are  all  not  equal  to  zero. 
The  ratio  of  the  pulsation  flow  speed  "mean  square  root"  &  to  the  average  time 
flow  speed  £  is  called  the  "turbulence  flow  strength",  e  .  A  case  in  which  the 
turbulence  flow  strength,  *  ,  is  equal  along  all  three  coordinate  directions  is 
called  a  "turbulence  flow  field  which  has  the  same  nature  in  differing  directions." 
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The  mean  square  root  of  the  pulsation  flow  speed  is 
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Sec  2  Turbulence  Scales 


The  distance,  I  —  u't  f  which  is  swept  out  during  one  period,  t  ,  of 
pulsation  in  which  the  turbulence  flow  air  masses  tumble  over  each  other  and 
pulsate  is  called  the  "turbulence  flow  scale."  However,  when  one  is  dealing  with 
a  very  large  number  of  turbulence  air  flow  masses  of  sizes  ranging  from  quite  large 
to  very  small,  then,  the  period  of  pulsation,  *  ,  or  the  frequency,  f,  are  not  the 
same;  the  direction  of  the  pulsations  are  not  the  same,  and  the  dimension,  1,  of 
the  air  mass  as  well  as  the  turbulence  flow  strength,  *  ,  both  attenuate,  dissi¬ 
pate  and  change  in  response  to  changes  in  the  space  (that  is  to  say,  the  time) 
involved.  When  the  frequency  of  pulsation  of  large  turbulence  flow  air  masses  is 
low,  then,  the  distance  which  is  swept  out  by  each  period  of  pulsation  is  long. 

When  the  frequency  of  pulsation  of  small  turbulence  flow  air  masses  is  high,  then, 
the  distance  which  is  swept  out  by  each  period  of  pulsation  is  short.  If  one  is 
considering  the  interval  between  large  and  small  turbulence  flow  air  masses,  then, 
it  is  possible  to  see  a  mutual  influence  between  the  two  kinds  of  air  mass  on  the 
basis  of  a  diffusion  transference  of  momentum,  mass  and  energy.  Because  of  this 
fact,  the  behavior  of  each  individual  turbulence  flow  air  mass  is  composed  of  random 
changes,  and  is  disorderly  and  unpredictable;  however,  it  is  possible,  on  the 
basis  of  methods  involving  statistical  theory,  to  measure  the  "average  space" 
occupied  collectively  by  turbulence  flows  or  the  characteristic  of  "average  duration" 
as  is  shown  in  the  form  of  equations  (15.4)  and  (15.5). 

The  pulsation  energy  for  each  unit  of  mass  along  the  direction,  x,  for 
turbulence  flow  air  masses  is  E  *=  ^u'2;  obviously,  there  is  a  relationship  between 
this  quantity  and  the  pulsation  frequency,  f.  The  chances  for  the  occurrence  of  the 
conditions  when  1  is  large,  f  is  low,  and  E  is  small,  or  when  1  is  small,  f  is 
high,  and  E  is  large  are  very  small  in  both  cases.  Let  us  assume  that  the  "prob¬ 
ability  amplitude"  for  the  distribution  of  energy  in  turbulence  flow  air  masses, 
that  is  to  say,  the  rate  of  change  of  the  amount  of  kinetic  energy,  E,  in  a 
turbulence  flow  for  each  unit  of  mass,  as  it  varies  with  changes  in  f,  is 

EQ)  — A  du'/df  5  if  we  take  f  to  be  the  horizontal  coordinate,  then,  it  is 
2 

possible  to  draw  out  the  curve  defining  the  probability  distribution  as  shown  in 
Fig  15.2.  If  one  takes  a  type  of  sensor  in  which  a  piece  of  ^  —  5^  pure  plati¬ 
num  or  tungsten  wire  is  strung  across  the  gap  between  two  sharp  rods  with  a  distance 
of  1mm  between  them  in  order  to  form  a  "heat  sensitive  resistor,"  and  this  is  mated 
to  an  electrical  bridge  in  delicate  equilibrium,  then,  this  is  what  is  called 


a  "hot-wire  wind  speed  meter."  When  the  gas  flow  involved  in  pulsation  is  perpendic¬ 
ular  to  the  heat  sensitive  resistor  when  it  passes  over  it,  the  electrical  resistance 
varies  as  a  function  of  the  cooling  from  the  pulsation  flow  speed,  u'.  With  an 
oscilliscope,  it  is  possible  to  record  the  type  of  pulsation  flow  speed  waveforms 
which  appear  in  Fig  15.1.  A  frequency  spectrum  analyzer  can  take  non-periodic 
pulsation  waves,  u'  —  /(<)  ,  and,  according  to  the  Chaun  Li-ye  integration  trans¬ 
form  method,  form  a  frequency  spectrum  (Fig  15.3).  Fig  15.2  is  a  representation  of 
the  "envelope"  of  the  frequency  spectra  of  Fig  15.3.  From  these  envelope  lines  it 
is  very  easy  to  determine  the  following:  the  frequency  during  pulsation,  f, 
of  most  turbulence  flow  air  masses  which  are  of  a  representative  type.  The  turbu¬ 
lence  flow  scale,  l  ,  between  frequencies,  which  corresponds  to  this  interval,  is 
equal  to  or  corresponds  to  the  wavelength  involved;  because  of  this  fact,  the 
interstical  turbulence  flow  scale  x  the  interstical  frequency  *  the  average  time  flow 
speed,  that  is ,  7/  *“  £T  [cm/*]  (15.6),  If,  by  measurement,  we  obtain  fj 

and  /  ,  then,  it  is  possible  to  deduce  the  interval  turbulence  flow  scale  7  . 

The  root  mean  square  of  the  pulsation  flow  speed,  c-  ,  times  the  interstical  or 


1. 

3. 


Turbulence  Flow  Energy  Probability  Distribution  Curve  2.  Frequency  Band 
Broken  Static  ^ 


Fig  15.3 

1.  A  Block  Diagram  of  a  Spectrum  Analyser  2.  Heat  Sensitive  Resistor  3.  Electric 
Bridge  A.  Amplifier  5.  Frequency  Spectrum  Analyser  6.  Oscilloscope 
Recording  Frequency  Spectrum 


290 


interval  turbulence  scale  *  turbulence  diffusion  coefficient  DT  “  w  {cn>V*].:  <157). 

Sec  3  Mixture  Distances 

Prandtl  theory  recognizes  the  fact  that  the  cross-flow  displacements  of  turbu¬ 
lence  flow  air  masses  have  a  fixed  mixing  distance,  1,  and  that  this  gives  rise 
to  the  root  mean  square  of  pulsation  flow  speed,  ■£  in  the  direction  of  parallel 
flow  as  well  as  the  root  mean  square  of  the  pulsation  temperature,  f  ,  and  so  on. 
In  the  process  of  this  displacement,  these  turbulence  flow  gas  masses  approximately 
maintain  their  original  characteristics.  According  to  theory,  the  values  of  the 
mean  roots  of  turbulence  flow  pulsation,  5,  f  ,  and  so  on,  for  the  new  positions 
is  the  differential  between  the  average  time  coefficients  for  the  new  and  the  old 
positions  (Fig  15.4).  Let  us  assume  that  the  old  position  was  -  point  A  and  that 
the  new  position  is  at  point  B;  if  the  turbulence  flow  gas  masses  move  from  A  to 
B,  then,  the  root  mean  square  of  the  pulsation  flow  speed  is 


<15.8) 


The  root  mean  square  of  pulsation  temperature  is 


fat  l  —  -  ?,  -  f„ 

Jy 


(159) 
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Fig  15.4 


1.  Illustration  of  Mixing  Distance 


Because  of  the  fact  that  the  processes  involved  in  the  turbulence  flow  transference 
of  momentum  and  thermal  energy,  one  can  consider  the  mixing  distances  involved 


to  be  the  same.  The  methods  for  measuring  precise  values  for  the  mixing  distance, 

1,  and  the  interval  or  interstical  turbulence  flow  scale,  I  ,  are  different 
and  their  definitions  are  different;  however,  both  represent  the  scale  of  the  size 
involved  in  the  turbulence  flow.  In  order  to  solve  for  1,  it  is  necessary  first 
to  measure  the  distributions  of  the  average  time  flow  speed  and  the  temperature. 

Sec  4  Turbulence  Stress 

When  one  is  washing  clothes  with  soap,  why  is  it  necessary  to  scrub  them:  Or, 
if  one  is  using  a  brush,  why  is  it  necessary  to  brush  repeatedly?  Without  question, 
it  is  because  these  methods  make  possible  the  use  of  the  friction  involved  in  going 
back  and  forth  in  order  to  take  dirty  clothes  and  scrub  them  out.  The  tumbling 
over  each  other  and  the  pulsation  of  large  and  small  turbulence  flow  gas  masses 
is  a  form  of  scrubbing  by  friction.  It  is  possible  tc  deduce  from  this  the  fact 
that,  in  turbulence  flow  fields,  the  frictional  forces  which  are  exerted  on  the 
surface  of  the  pulsating  masses  of  gas,  also  called  "turbulence  stress",  *>  ,  is 

much  larger  than  the  viscosity  stress  or  force  which  is  exerted  against  the  surface 
of  the  smoothly  sliding  masses  of  gas  in  a  laminar  flow  field;  these  stresses  T T  or 
forces  are  also  called  "shear  forces  or  stresses."  Because  of  the  fact  that  the 
pulsation  of  turbulence  flows  is  erratic,  confused  and  unpredictable,  it  is  not 
possible  to  draw  out  the  type  of  undisturbed  flow  lines  which  one  can  draw  in  a 
laminar  flow  field.  It  is  only  possible  to  have  a  direction  of  flow  and  flow  lines 
which  are  decided  on  the  basis  of  average  time  values  and  their  statistical 
averages.  On  the  basis  of  the  mean  square,  IT1  ,  and  the  mean  product  ,  and  so 

on,  it  is  also  possible  to  say  that  there  are  "quasi-stable  state"  or  average  time 
turbulence  flow  fields. 

The  average  value  of  the  product  ■  the  product  of  the  average  values;  the 
average  values  of  the  average  values  are  still  =  the  average  value  and  do  not 
change.  For  example,  the  average  time  density  flow  ■  the  mean  product  JT  of  the 
instantaneous  density  flow  and  the  flow  speed.  However,  the  average  time  pulsation 
values  u7,  ~p' ,  V  are  equal  to  zero.  Because  of  this  fact,  —  fa 7,  are  all 
equal  to  zero. 
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pi' 


pV 


(p  +  p'Xu  +  u)  “ pv  +  Tu5  +'7u 
4-  p' u'  ■  +  p'u' 

(.P  4-  p) (V  4-  v')  -  4-  +  7? 

*4-  pV  —  pV  4-  p'v' 


(15.10) 


On  the  basis  of  the  same  principles, 

-  _  ) 

pi‘  •  (p  +  p'Xu  +  u’y 

“  (  p  4-  p')( L’1  4-  2Uu  4-  H71)  j 
“  pL'17  (pu)V  ^ 

pL'K  —  (p  p')(0'  4-  u')0'  4-  v')  ^  )  (15.11) 

*  (p  4-  p')  (?r  4-  LV  4-  u’l'  4-  uV) 

—  pV  U  4-  (pv)'u' 

P-P  +  Pj  rry  -  f„  4 ■  r'„, 

/  -  0,  t„  -  0 

On  the  basis  of  the  principle  of  the  conservation  of  momentum  and  mass  as  well  as 
equations  (15.10)  and  (15.11)  it  is  possible  to  write  continuity  equations  and 
momentum  equations  of  "average  time  turbulence  flow  fields";  however,  it  is 
necessary  to  include  the  topic  of  the  "influence  of  turbulence  flow  pulsation",  for 
example,  p'u',  <p»)V  ,  and  so  on.  Fig  15.5  shows  a  separating  out  of  the  differenti¬ 
ated  control  body  didy  *  1^  from  the  two-dimensional  stable  compressible  viscous 
flow  field;  it  assumes  that  there  is  a  dimension  =  1  perpendicular  to  the  surface 
of  the  illustration,  (a)  represents  the  changes  which  occur  when  the  density  flow 
enters  and  leaves  the  control  body;  (b)  represents  the  pressure  and  shear  stresses 
which  are  exerted  on  the  control  body  along  x;  (c)  represents  the  changes  which 
occur  in  the  momentum  flow  rate  when  it  enters  and  leaves  the  control  body  along 
x.  The  differential  between  the  amounts  of  flow  that  enter  and  leave  the  control 
bodies  in  stable  flow  fields  =  0;  because  of  this  fact,  we  can  obtain  the 
continuity  equation 

J-  (pi/)  4-  '-f-  (p7)  -  o  .  ,-  -(15.12) 

Os  oy 

If  we  take  equation  (15.10)  and  substitute  into  equation  (15.12),  then,  it 
is  possible  to  obtain  the  average  time  stable  state  continuity  equation 
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1.  Density  Flow  2.  Forces  Exerted 


Hi  _!5:5 
Fig  15.5 

3.  Momentum  Flow  Rate 


When  the  two  first  quantities  in  equation  (15.13)  added  together  *=  0,  this  represents 
the  continuity  equation  for  the  stable  state  of  an  "undisturbed  flow  pulsation." 

When  the  partial  differentials  of  the  turbulence  flow  density  flow  for  the  last 
two  quantities,  p\».  and.^V  ,  added  together,  make  zero,  this  represents  the  average 
time  continuity  equation  of  a  "pulsation  in  a  flow  which  does  have  turbulence." 

If  we  ignore  gravity,  stable  flow  fields,  then,  can  be  assumed  to  be  so  set  up 
that  the  surface  forces  which  are  exerted  on  control  bodies  in  the  direction,  x, 

(Fig  15.5(b))  -  the  rate  of  change  of  momentum  entering  and  leaving  (Fig  15.5(c)). 

The  momentum  equations  are 
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If  we  take  equation  (15.11)  and  substitute  it  into  equation  (15.14),  then,  it  is 
possible  to  obtain  the  momentum  equation  of  an  "average  time  turbulence  flow  field", 
that  is. 


-5-  IpUV  +  (pu)'tt’]  +  IpVV  +  (pv)'u) 
dx  •  -  dy  . 

dp  (  9f,_ 

,5x  ,  9>  -  ;  ....  _ 


+‘"^7  A 
dx  Ox 


+  1(T)7+  u-pfpv'* 


dx 


.dy 


pV  tt  +  °,v)V 

dy  dy 


9?  ,  &f„ 

Ox  dy 


If  we  employ  equation  (15.12),  then  it  is  possible  to  remove  from  the  equation  above 

If  these  two  quantities  are  eliminated,  then,  it  follows  that 


3r|S  +  ^:|S— 


-  dx 


In  equation  (15.15) 


—  tpu^u'  —  (pvyBr 

8xl  -  :  ,0y  :  N 

•  .’..-n—  - 


dfr,  _  bU\,~ 

dy  d,\y£yh 


05  J  5) 


This  is  the  viscous  shear  force,  *•»  ,  as  a  gradient  of  change  along  the  direction 
y;  ft—  laminar  flow  viscosity. 


— •(pu)'u'  and  —  (pr)'u' 


These  two  quantities  both  have  units  of  "average  time  pulsation  momentum  flow  rates" 
which  are  similar  to  those  for  the  friction  stresses  produced  by  turbulence  flows, 
(N/m^)  and  those  of  the  average  time  viscous  shear  forces,  f,,  ;  these  are  simply 
called  "turbulence  flow  stresses  or  forces",  ?t.  If  one  is  considering  "turbu¬ 
lence  flow  forces",  according  to  their  functional  directions,  they  can  be  divided 
into  the  positive  stresses  or  forces  which  are  perpendicular  to  the  surface ,  (<r,,)i , 
and  the  tangential  or  shear  forces  which  hug  the  surface,  (fJr)T.  According  to 
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the  Newtonian  formula  for  viscous  shear  forces,  the  turbulence  flow  positive 
force  is 

(Ot“  Pr  4“  T- 

.  o* 


and  the  turbulence  flow  shear  force  is 


(15.16) 


-  Mr 

"  p  is  called  the  "turbulence  flow  viscosity;"  the  unit  is  (kg/s.m).  Mr/?  ”  v  t» 

is  called  the  turbulence  flow  kinetic  viscosity,  and  the  unit  for  it  is  (m2/s).  if 

we  compare  equations  (15.14)  and  (15.15),  then,  it  is  possible  to  see  that,  if  one 

only  considers  the  average  time  values  and  ignores  the  pulsation  values,  then,  the 

momentum  equations  for  stable  laminar  flow  and  average  time  turbulence  flow  are 

completely  similar.  Equation  (15.16)  represents  the  forces  which  are  exerted  on 

the  surface  of  the  turbulence  flow  masses  of  gas  due  to  abrasion  from  friction.  On 

an  actual  material  surface,  the  quantities  — ..  ,  and  so  on,  represent 

"rate  of  momentum  exchange"  for  the  pulsation  in  a  turbulence  flow;  because  of 

this  fact,  fir  is  actually  the  "coefficient  of  momentum  exchange".  If  the  Reynolds 

number.  Re,  is  quite  high,  then,  the  turbulence  flow  stress  will  be  larger 

than  the  viscosity  shear  force,  *  ,  by  quite  a  few  times.  Because  of  this 

x*/ 

fact,  if  one  is  considering  the  average  time  turbulence  flow  field,  then,  it  is 
possible  to  ignore,  f‘Xy*  For  example,  let  us  assume  that  the  root  mean  square  of 
the  amount  of  pulsation  is  p*0.1?,  v  —  0—  ,0.1U#  and  that  D  *  the  diameter  of  the 
round  tube.  If  we  make  these  assumptions,  then,  the  turbulence  flow  shear  force  or 
stress  is  *"  ~  (pv)'u'  *  O.lf  X  0.1U  X  0.1U  —  IQ^plT.  Working  with  similar 

assumptions,  the  viscosity  shear  force  or  stress  is 


•r*  Pit-  *  M  jri 
Oy  D 

'  * 


-  10- 0°  -  ,0-K*. 

If  ~  is  the  same,  then,  ^  —  10~*Re, 
dy  M 

If  the  Reynolds  number  Re  >  10^,  then,  (f„)T  >  !00f,,  ,  or 


pt>  100  u. 
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The  turbulence  flow  shear  force  represents  the  level  of  violence  of  the  continuous 
mixing  of  masses  of  gas.  Because  of  this  feet,  the  turbulence  flow  has  a  speed 
of  propagation  which  more  than  or  equal  to  100  times  that  of  combustion  flames  in 
combustion  in  laminar  flows. 


Sec  5  Turbulence  Heat  Transfer 


If  one  is  dealing  with  viscous  laminar  flow  with  flow  lines  which  come  from  a 
flow  field  which  obeys  stable  principles,  then,  as  far  as  cutting  across  the  flow 
lines  is  concerned,  one  can  only  rely  on  the  transfer  of  heat  by  the  diffusion  of 
molecular  motion.  If  we  are  only  considering  the  heat  flow  along  one  direction, 
then,  according  to  equation  (4.2),  the  laminar  flow  stable  heat  flow  is 

«  “  -  *  -  -PV*,T  (15.17) 

The  unit  which  is  used  to  measure  the  coefficient  of  thermal  conductivity,  i  ,  is 

(kcal/m.s  .K) ;  the  density  flow  is  p  —  ^1cg/in,]  ,  the  isobaric  specific  heat  is 

c »  **  Ikcal/kg-K]  ;  the  "coefficient  of-  temperature  conductivity"  is  /pc',  ■»  Ian1/*], 

because  of  these  facts,  equation  (15.17)  can  be  written  in  the  form  of  VT  —  a  —  . 

■  *  -Sy  - 

In  turbulence  flow  fields,  there  are  no  regular  flow  lines.  In  the  interval 
between  large  and  small  pulsating  masses  of  gas,  there  are  temperature  gradients; 
if  one  is  involved  with  the  transfer  of  heat  by  diffusion  in  turbulence  flows,  then, 
one  should  use  the  average  time  coefficient  VT ,  that  is  to  say,  the  average  time 
turbulence  flow  heat  flow,  which  is 

---fiC'VT  [kcal/m*..]  (15.18) 

Qy 


According  to  equation  ( 15 .10) ,  VT  —  (f  +  v’)(f  4-  7")  —  (pf  +  vf’  +  7f  +T7T')  .  as 

presented  in  Sec  1  of  this  chapter,  the  average  time  values  7  and  T-  which 

pertain  to  the  amount  of  pulsation,  are  both  equal  to  zero.  Let  us  assume  that 

T  T ,  on  the  basis  of  this  assumption,  equation  (15.18)  becomes 

q  —  —fic^VT  —  pcty"T 

- A  21-  {  $1  (15.19) 

Sr  dy 


Equation  (15.19)  explains  that  fact  that  heat  flow  of  turbulence  flow  fields 

I 

i 
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includes  two  quantities;  the  first  of  these  is  a  quantity  which  corresponds  to  the 
stable  heat  transfer  of  molecular  diffusion  in  equation  (15.17);  the  second  of 
these  quantities  is  the  average  time  transfer  of  heat  from  pulsating  masses  of  gas. 
What  has  been  presented  up  to  now  explains  that  fact  that  the  viscosity  of  turbu¬ 
lence  flow  is  100  times  or  more  larger  than  the  viscosity  of  laminar  flow.  Because 
of  the  fact  that  the  processes  involved  in  the  diffusion  of  heat  and  the  diffusion 
of  momentum  are  similar,  it  is  also  true  that  it  is  only  required  that  Re  be  greater 
than  or  equal  to  10^,  and  the  turbulence  flow  coefficient  of  thermal  conductivity, 
k,  will  also  be  larger  than  the  *  of  laminar  flow  by  100  times  or  more;  because  of 
this,  it  is  possible  to  ignore,  *  ,  and  only  use  the  value  of  turbulence  flow  heat 
transfer 

?“  ~  y'T'  —  —  Tk~  [kcil/m'-sl 

oy  Oy 

(15.20) 

The  turbulence  flow  coefficient  of  thermal  conductivity  is 

tmVO.  *7'  -  eT—  <15.20 
Pcf  6> 

p.-  =  riU(,  a'llia  called  the  thermal  diffusion  coefficient  of  turbulence  flow.  The 

ratio  between  the  levels  of  diffusion  of  momentum  and  thermal  energy  in  pulsating 

masses  of  gas  is  a  basic  standard  of  non-dimensional  similarity  Pr  (the  Prandtl 

number).  The  Pr  oi.  a  turbulence  flow  field  =  the  kinetic  viscosity/the  coefficient 

of  thermal  conductivity  Si  -=  JH.  =  ^-r  ■»  0.7 ~  1  0  (  15  22) 

«T  7* 

If  the  ratio  between  the  viscosity  of  turbulence  flow  and  the  viscosity  of 
laminar  flow,  (ht/m)  and  the  ratio  between  the  coefficients  of  thermal  conductivity, 

(«T/«)  ,  are  the  same,  then,  the  Prandtl  numbers,  Pr,  for  the  turbulence  flow 
and  the  laminar  flow  will  be  the  same,  and  it  becomes  possible  to  use  the  Pr  value 
of  the  laminar  flow  for  everything. 

Sec  6  Turbulence  Concentration  Diffusion 

In  the  combining  of  gases  which  takes  place  in  combustion  chambers,  the  "partial 
pressure,  pj,  for  the  type  of  gas  j  is  also  appropriate  for  use  with  the 
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equation  of  state  of  "perfect  gases."  Because  of  the  fact  that  Zp,-—  pi  +  pi  +  ’  *  *  * 
it  also  follows  that  Pi  *  R  ™  1-985  [ kcsl/mol ■  K. ]  05-23)  •  Cj  m  the  concentration 

of  the  type  of  gas.  The  molar  concentration  of  the  mixed  gases  ■  c  [mol  m’] 

The  total  density  of  the  mixed  gases  *  p  [tg/m’1  .  The  ratio  between  the  overall 

density  of  the  mixed  gases  and  the  jtb  type  gis  (for  example,  vaporized  fuel,  f,  or 
oxygen,  O2)  is  (p,/p)  —  mi  ,  and  this  is  called  the  relative  concentration. 
Obviously,  Zm, 

Let  us  assume  that  the  differentiated  control  body,  nV ,  dxdyaz  ;  if  we  assume 
this,  then,  the  mean  product,  Jj,  of  the  concentration  and  density  flow  of  the  jth 
type  of  gas  is  equal  to  the  differential  between  —  pv'm'  as  it  enters  and 
leaves  dVs ;  this  in  turn  is  equal  to  the  rate  of  change  of  the  concentration  of  the 
jth  type  of  gas  within  dVs . 

According  to  equation  (4.3),  if  one  is  only  considering  the  concentration  density 
flow  of  the  jth  type  gas  along  the  direction,  y,  then, 

(/,),  —  f  —  —  pvm\  — ■  —Dr 

—  “•  ri  [kg/mJ»«]  05-24) 

oy 

If  the  Reynolds  number.  Re  >  105,  then,  the  coefficient  of  turbulence  flow 
diffusion,  DT,  is  several  hundred  times  larger  than  the  D  for  laminar  flow.  The 
ratio  between  the  kinetic  viscosity  of  turbulence  flow,  VT,  and  DT  is  called  the 
special  concentration  number.  Sc. 

Sc  =  Vj/Dj  =  the  level  of  diffusion  of  momentum  of  turbulence  flow/the  level  of 

diffusion  of  mass  of  turbulence  flow  =  _  tz 

fiDr  rt  v  ^ 


Yet  another  "basic  standard  of  similarity"  is  called  the  Liu  Wei-si  number,  Le,  that 
is,  Le  *■  (jr/DT)  “".(Sc/Pr)  .  (15.26)  .  The  coefficient  of  concentration  diffusion 

of  turbulence  flow  for  the  jth  type  of  gas  is  T,^/r,DT  [kg/ra*»]  (15.27) 

The  turbulence  flow  viscosity,  ^  the  rate  of  thermal  conductance  of  turbu¬ 
lence  flow,  k,  and  the  coefficient  of  turbulence  flow  diffusion,  Dt,  are  related 
to  the  normal  equation  of  state  for  turbulence  flow;  they  are  not  physical  prop¬ 
erties  of  a  gas,  and  are  difficult  to  calculate  theoretically.  The  process  of 
determining  them  by  experimentation  is  also  relatively  complicated  and  difficult. 
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Because  of  the  fact  of  the  similarity  of  the  natures  of  the  processes  of  diffusion 
transference  of  momentum,  mass  and  heat  in  turbulence  flovs,  it  is  only  necessary 

that  Re  5s  10’,  and  the  ratio  between  the  three  coefficients  of  turbulence  and 
laminar  flow,  (pr/p)». (4/0  &  CZ7*/2?)are  all  values  with  just  about  the  same  multiples. 
When  there  is  a  paucity  of  reliable  experimental  data,  it  is  possible  to  borrow 
the  use  of  the  basic  standards  of  similarity  with  laminar  flow,  Pr,  Sc  and  Le. 


The  coefficient  of  diffusion,  D,  for  different  gases  in  stable,  laminar  flow 
is  different.  D  varies  with  changes  in  the  temperature,  that  is. 


.,(15.28) 


At  standard  temperature  and  pressure,  that  is  7,  “  273  K,  p,*"  760mm,  the  values  of  Dq 
for  different  gases  can  be  seen  in  Table  15.1  and  Table  15.2.  In  Table  15.2,  4> 
is  the  unifying  value  against  which  are  represented  Pr,  Sc  and  Le,  as  they  vary  with 
changes  in  temperature,  that  is. 


4> 


K  +  T  \T. 


I 


2  n*  (o^c)  i 

D. 

S* 

H.  i 

0.611 

y 

H.O  | 

0.216 

i 

0.178 

&  (20X0  Co,  | 

0.160 

j 

0.196 

C,H,  ! 

1 _ 

0.108 

CvH.  '  j. 

0.088 

C.H„  | 

0.075 

n  s* 

CM,,  I 

1 

0.067 

0.186 

Table  15.1 

1.  The  diffusion  Coefficients  of  Different  Gases  2.  Gas  3.  Hydrogen  4.  Water 
Vapor  5.  Oxygen  6.  Carbon  Monoxide  7.  Mehtyl  Hydride  or  Methane  8.  Ethane 
9.  Propane  10.  Butane  11.  Pentane  12.  Carbon  Monoxide 
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•  ■■  as'--  ■  'I 


Trn  0a 

.sft*  («C0ri 

Pr-i 

.  » M  ^ 

sc-'  | 

D  1 

—8 

U  'it*.  * 

'  “  O  '.Tl' - 

1 

- 

115 

. 

i 

.  -0.747  . 

1.04 

138 

r*  — 

0.705 

— •  ‘‘ 

— 

107 

(,  -«*■ 

0.74 

0.72 

0.M 

102 

7  * 

0.69 

0.218 

0-31 

83(74) 

8  *  *  1 

0.72 

0.62 

|  0.866  i 

670(650) 

0.7s 

0.<i5 

l 

1  1.22 

/Sa  « 

1  0.734 

1  o-*4 

!  1  -OX 

148 

Table  15.2 

1.  The  "Basic  Principles  or  Standards  of  Similitude"  Between  Different  Gases 

2.  Gas  3.  Air  4.  Oxygen  5.  Nitrogen  6.  Carbon  Monoxide  7.  Hydrogen 
8.  Water  Vapor  9.  Carbon  Dioxide  10.  Methyl  Hydride  or  Methane  11.  The 
Constant,  K,  in  the  Formula,  $ 

Sec  7  Turbulence  Field  Continuities  and  Momentum  Equations 

If  we  base  our  explanation  on  the  three  analytical  equations  presented 
previously,  i.e.,  (15.13),  (15.15)  and  (15.19)  as  well  as  (15.24),  then,  as  far  as 
turbulence  flow  fields  are  concerned  it  is  possible,  on  the  basis  of  a  comparison 
with  stable  laminar  flow  fields,  to  make  use  of  the  average  time  density  flow,  V? 
the  average  time  momentum  flow  rate,  ( ~p*T*  *  t*,e  average  time  flow  of  heat, 

—Pc0  V'T’  as  well  as  the  average  time  concentration  density  flow  of  the 
jth  type  of  gas,  —  J&ti  ,  and  write  quasi-stable  state,  average  time  continuity 
equations,  momentum  equations,  thermal  transference  equations  and  concentration 
diffusion  equations.  Because  of  the  fact  that  the  turbulence  flow  viscosity,  f»r» 
the  turbulence  flow  rate  of  thermal  conductance,  k,  and  the  turbulence  flow 
diffusion  coefficient,  Dr,  are  all  several  hundred  times  larger  than  the  correspond¬ 
ing  numerical  values  for  stable  laminar  flow  fields,  i.e.,  i  ,  and  D,  when  one  is 
figuring  the  distributions  of  the  turbulence  flow  field  average  time  velocities 
fj  t  v,  jp  ,  the  average  time  concentration,  ,  as  well  as  the  distribution 

for  the  average  time  temperature,  f  for  this  type  of  flow  field,  then  it  is 
possible  to  ignore  the  viscosity,  (*  ,  the  rate  of  thermal  conductivity,  1  , 
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and  the  coefficient  of  diffusion,  D,  as  they  pertain  to  molecular  motion  in  a 
stable  laminar  flow. 

In  the  three  previous  sections,  consideration  was  given  only  to  changes  in 
momentum  and  density  flow  in  one  coordinate  direction.  When  one  is  analysing 
the  turbulence  flow  fields  or  ring-shaped  combustion  chambers  or  fields  of  this 
type  inside  flame  tubes,  it  is  best  to  use  a  cylindrical  coordinate  system  in 
r,  and  z.  If  one  states  at  the  outset  that  he  is  dealing  with  a  quasi-stable 

state  average  time  turbulence  flow  field,  then,  it  is  not  necessary  to  add  the 
average  time  symbol  (~)  again  to  each  of  the  individual  parameters  after  the 
general  announcement  has  been  made.  The  three  component  vectors  of  the  velocity 
vector,  v  >  are  the  radial  component,  u,  the  circumferential  component,  v,  and  the 
axial  component,  w.  If  we  assume  that  we  are  dealing  with  a  rotational  turbulence 
flow  field  which  is  axisymmetric,  then,  it  follows  that  the  various  parameters, 
such  as  *»,  v  and  T,  are  invariable  in  the  circumferential  direction,  r6  • 

(1)  Continuity  Equations. 

From  a  turbulence  flow  field,  let  us  separate  out  a  differentiated  fan-shaped 
control  body ,  dV,  —  rdffdrd*  ,  as  is  shown  in  Fig  15*6.  On  the  basis  of  the  principle 
of  the  conservation  of  mass,  the  differential  in  the  rate  of  flow  of  mass  into 
and  out  of  the  control  body  =  the  rate  of  change  of  mass  inside  the  control  body. 

If  the  flow  out  is  greater  than  the  flow  of  mass  in,  then,  the  rate  of  change  of 
mass  inside  the  control  body  is  negative.  The  differential  in  the  rate  of  flow  of 
mass  in  the  three  directions,  r,  rO  ,  and  z  (ignoring  the  fourth  degree 
differential  drdrdddt  )  are  as  follows:  the  radial  direction,  r,  is 

[po  4  dr  j(r  4  ir^dBix  —  pmrd&ix 

-KjOldrrddd*  4  rdedrd, 

dr  f 

the  circumferential  direction,  r6)  ,  (axisymmetric)  is  f*  —  pi  «■  0  ,  and  the  axial 
direction  is 

[pm  4  -  (^)riWr 

-  rdBJrdt 

dx 

The  total  differential  in  the  rate  of  flow  of  mass  for  all  three  directions  ■  the 
rate  of  change  of  mass  inside  the  control  body,  which  is, 


—  is.  rdQirit 

Ot 

*  • 

rdBdrd*  +  ^  tiddtdn 

dr  r 

+  «JSLLMr4'--%-riUr4, 
dt  9t 


■  15.1  **■*««« 

Fig  15.6 

L.  Differentiated  Fan-shaped  Control  Body,  dts 

If  we  eliminate  dr.-rd*"1*  ,  then,  we  can  obtain 

j~&(*0  +  (gOj  J.  g&»I  *  |SL  -  0  (15.?*) 

af.  „  nc  2q)  are  capable  of  being  merged  into 
The  first  two  quantities  in  equation  (15.29)  cap 


i  a  ,  N.JLfr^ff^  +  c^l. 
“-r:-(,pu)  7L  a, 


u  of  this  feet  if  the  quasi-stable  state  average  time  turbulence  flow  field 

Because  of  thus  fee  ,  ,v„age  time  density,  P.  does  not  vary  wrth 

is  what  one  is  dealing  »  ,  foUw.  that  the  continuity  equation 

changes  in  time,  and  dp/3*-  0  • 


-L  JL  (rpu)  4-  —  (pw)  —  0  (15.30) 

r  dr  *>* 
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(2)  Equation  of  Momentum. 

Let  us  assume  that  we  are  still  using  the  differentiated  control  body 
dV,  —  rdddrd:  .  If  we  ignore  gravity,  then,  according  to  the  second  of  Newton's 
Laws,  the  rate  of  change  of  momentum  coming  into  and  leaving  the  control  body  ■ 
the  total  of  the  forces  exerted  against  the  surface  of  the  control  body.  Because 
of  this  fact,  if  one  is  dealing  with  an  axisymmetrical  flow  field,  then,  it  follows 
that  it  is  possible  to  slice  out  a  meridian  surface,  Jr  -  dz  ,  as  well  as  a 
horizontal  cross  section,  r/fl •  dr  ,  and  separately  apply  the  laws  mentioned  above 
to  each  case.  Fig  15.7  draws  out  the  momentum  flow  rate  (a)  going  into  and  coming 
out  of  the  control  body,  dVs,  along  the  axis,  z,  as  well  as  the  forces  exerted 
against  the  surface  (b).  The  left  and  right  end  areas  of  dVs  =  rd6dr  ;  the 
bottom  area  =  rdQdz  ;  and  the  top  area  =  ('  +  dr^dBdz  .  We  will  ignore  the 

fourth  degree  differential,  drdrdOdz  •  The  rate  of  change  of  momentum  is  equal  to 
the  total  surface  force,  that  is, 


-  a  V  . 


&r 


dv. 


Ze-  dV, 

t 


ds. 


dVn 


If  we  eliminate  dVg  from  each  quantity,  then,  we  can  obtain 


Oz  <”’rOr  _ 

_ +  f  ,  Ic.1  .  •••“' 

d*  t.dr  r  j  •  ds  - 


(1531) 


If  we  take  the  two  quantities  on  the  left  side  of  the  equal  sign  in  equation  (15.31) 
and,  on  the  basis  of  the  two  function  products  (pw)w  &.  (p«)w  ,  solve  the  differential 
expansion,  then,  we  can  obtain 


d(  ow) 
dz 


+  (pw) 


5w 

dT 


5(ou) 

dr 


(pu)  ~ 
Or 
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-  L  ^T~  7  eT  (,pu)J 


+  ( Pw )  |si  +  (pu)  5» 
e*  dr 


According  to  equation  (15.30),  the  quantity  inside  the  square  parentheses  in 
this  equation  =  0;  it  follows  from  this  that  equation  (15.31)  can  become  the  axial 
momentum  equation 


p  f 

‘  L  dz 


+  u 


dw] 

dr  J 


do 

dz 


05.32) 


pem  +  ~ 


(a)  «!*** 


'  ;‘.oo  **»*! 


■  15.7  (ip, 


Fig  15.7 

1.  Axial  Force  Equilibrium  (dVg  meridian  plane  projection)  2.  Momentum  Flow 
Rate  3.  Forces  Exerted  on  the  surfaces 

Fig  15.8  draws  out  the  end  plane  and  meridian  planes  of  dVg.  (a)  clearly 
points  out,  along  the  radial  direction,  r,  the  momentum  flow  rate  into  and  out  of 
the  control  body;  (b)  highlights  the  set  up  of  the  forces  which  are  exerted  on  the 
surface  along  the  radial  direction,  r;  and,  (c)  divides  up  the  circumferential 
positive  forces,  ,  along  r.  If  we  figure  that  any  forces  added  along  the 
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coordinate  axis  have  a  positive  sign,  then,  the  division  of  the  forces  along  r  on  the 
two  side  surfaces  is 

dQ 

— 2  Oft  *in  —  •  drdx  at  —  a$»dBdrdz 

2  ... 

- ^  rdddrdz  -  -  2«t  dVti 

r  r 

The  rate  of  change  of  momentum  is  equal  to  the  total  surface  forces,  that  is. 


d(  ouu  ) 

dV,  +  dV,  + 

a(pwu)  dV'  _ 

dr 

T 

dz 

^  _  Un  JJ.  prr. 

-  Jl'j  -r  —  d\  t 

b  r  ‘  dr 

r 

+ 


Sr„ 

dz 


dV4  -  ^  dV., 
r 


If  we  eliminate  dVg,  then  we  obtain 


Pipsh. 

dz 


S(pu)tl 

dr 


+  (pu)  — 
r 


Sr, 


[N/m'] 

Ox  r 


(15.33) 


If  we  take  the  left  side  of  equation  (15.33)  and,  according  to  the  product  of  two 
differentiated  functions,  make  the  expansion  as  follows,  then. 


oo 

+  (PV>) 

+  p[w 


i  Su 

+  „  * 

+  (pu) 

#u  , 

-r —  +  u 

S(pu) 

dz 

dz 

dr 

Sr 

u 

V*  1 

—  P  —  —  u 

'  d (pw) 

+  d(fiu) 

,jr  . 

*  1 

-  0L» 

dr 

r 

Bm 

-f  u  — ]  - 

V* 

8* 

dr  J  '• 

p  •  ** 

'  r 

l  dz 

If  we  employ  the  continuity  equation  (15.30),  then,  the  quantity  inside  the  square 
parentheses  in  the  first  quantity  of  this  equation  *  0;  the  momentum  equation  in 
the  radial  direction  is 
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.1  &  dr  r  i  d* 


if  (»J 

r  Or 


(15.30 


When  one  is  working  out  the  force  equilibrium  equation  for  the  horizontal 
cross  section,  rdBdr  ,  along  the  circumferential  direction,  rd  ,  in  the 
differentiated  control  body ,  dV,  -  rdddrd, ,  one  should  be  careful  to  consider  the 
fact  there  is  an  angular  velocity,  ,  as  well  as  a  rate  of  angular  deformation 
(1/s),  in  the  vortical  core  of  rotational  jets.  Along  the  radius,  r,  the  rate  of 
angular  deformation  between  any  two  given  points  should  be  solved  for  by  taking  «, 
to  be  the  basis  and  then  solving  for  the  corresponding  rate  of  angular  deformation 
(Fig  15.9);  the  radial  component  of  velocity,  u,  does  not  vary  with  changes  in  ? 
it  follows  from  this  that  *  0. 


V  dr 


corresponds  to  the  rate  of  angular  momentum. 


it  follows  from  this  that  the  turbulence  shear  force  or  stress  in  the  circumferential 
direction  inside  the  surface,  rddd,  of  the  cylinder  which  is  perpendicular  to  the 
radius,  r,  is 


1. 


Fig  15.9 

Rate  of  Deformation  of  Related 


w(!t-t)-HKt)'  ,N/m‘1  asj>> 

Fig  15.10  draws  out  the  rate  of  change 

of  momentum  along  the  circumferential 

direction,  rB  ,  as  it  enters  and  leaves 

jy  K  rdBdrdT  *  bhis  is  (a) ;  besides  this, 

it  also  draws  out  the  setup  of  the  forces 

exerted  on  the  six  faces  along  r8  ;  this 

is  (b).  If  one  is  considering  the  case  of 

axisymmetrical  flow  fields,  then,  along 

Q  • 

r6  the  direction  “ 0  ,  that  is 


Angles 


to  say,  #>(uv),p<tt)»  *•*  R  r*are 
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all  invariable  along  the  circumference,  r8  .  Because  of  this  fact,  when  one  is 
considering  the  case  of  rotational  flow  fields,  if  there  is  a  tangential  velocity, 
v,  then,  at  the  same  time,  there  is  a  radial  velocity,  u;  due  to  this  fact,  perpen¬ 
dicular  to  the  radius,  r,  there  is  produced  a  Ke  Shi  acceleration,  uv/r,  and  there 
is  a  Ke  Shi  force  (pw/  r) [N/m1].  In  Fig  15.10(b),  dVs  has  two  end  surfaces  on 
which  there  are  turbulence  flow  shear  forces,  r,«.  Because  of  the  fact  that,  in 
a  case  in  which  dVg  is  in  a  condition  of  equilibrium,  if  one  takes  a  given  edge 
as  the  axis  and  solves  for  the  total  moment  of  force,  it  should  be  equal  to  zero. 
Due  to  this  fact,  .  The  shear  or  tangential  forces,  Ti.  ,  which  is 

exerted  against  the  two  end  faces  of  dVg  have  a  component  of  force  along  the 
direction  which  is 


r*  «*  2r*  —  2r^ da  ^  , 

2  2' 


r+JB  <15.36) 


The  rate  of  change  of  momentum  is  equal  to  the  total  surface  force,  that  is, 


A-  (puv)^V,  +  iV ,  4-  t 

dr  -  r  dr 

+  „H X  + 

r  02  Or 

+  ISL  4V,  4-  I*-  rdddrds, 
r  r 


If  we  eliminate  dV  then,  we  can  obtain 


A  (Pw>  +  [A  (pu)v  +  &H>l]  +  P 


9t». 

a* 


[^+2^.l  <i5!^ 


If  we  solve 
then,  if  we 
can  get 


for  the  differential  on  the  basis  of  the  two  function  product, 
take  equation  (15.37)  and  expand  the  left  and  right  side  of  it 


(p*)v; 

we 


According  to  the  continuity  equation  (15.30),  the  quantity  in  the  square  parentheses 

in  the  first  quantity  on  the  left  side  of  equation  (15.38)  *  0.  If  we  take  the 
right  side  of  equation  (15.38)  and  make  a  differential  expansion,  we  then  obtain 
the  last  two  quantities  on  the  right  side  of  equation  (15.37),  that  is. 
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Sec  8  Turbulence  Stress  Tensors  and  Deformation  Rate  Tensors 


The  six  faces  of  the  fan-shaped,  differentiated  control  body,  dVfi,  has  exerted 
against  it  normal  turbulence  flow  stresses  from  three  directions,  that  is,  r„,  am 

and  ar*»  ;  these  faces  also  have  exerted  against  them  turbulence  flow  shear 

forces  from  six  directions;  these  are  r r*;  r«„  rrt;  Because  of  these 

facts,  when  one  is  dealing  with  a  situation  in  which  there  is  stable  equilibrium, 
the  turbulence  flow  shear  forces  exerted  against  neighboring  sets  of  faces  of  dVs 
are  equal  to  each  other  in  the  appropriate  pairs,  that  is  to  say,  r*  —  t*., 

xtt  —  ra,  r„  — r„.  It  follows  from  this  that,  if  we  speak  in  terms  of  numerical 

quantities,  then,  there  are  only  six  types  of  different  turbulence  flow  shear 
forces.  On  each  plane  of  the  three  coordinate  planes  in  a  cylindrical  coordinate 
system,  there  are  three  shear  forces  exerted,  and  it  is  possible  to  combine  these 
into  one  vector.  Three  shear  force  vectors  combine  to  form  a  "shear  force  tensor" 
II;  we  can  make  a  comparison  between  the  matrix  form  and  the  mean  products  of  the 
pulsation  values  by  writing  out  the  following: 

f — (pu)’q'  — (jra)'*’  — (pu)'w' 

“  |  —  OOV  —i/n r)V  — ’£a*)V  > 

(  — Cpw,1'u'  —  (pw)'v'  —  (pw)'w' 

(15.40) 

The  matrix  is  set  out  in  a  framework  which  presents,  in  a  reasonable  order,  the 
array  of  numbers  involved.  When  the  number  of  items  in  the  horizontal  and  vertical 
rows  of  the  matrix  are  equal,  then,  the  matrix  is  called  a  "square  matrix."  When 
one  is  dealing  with  a  case  in  which  the  top  right  and  lower  left  positions  on  each 
diagonal  have  corresponding  values  which  are  equal,  as  is  found  in  the  square 
matrix  II  of  turbulence  flow  shear  forces  from  equation  (15.40),  i.e., 
t*  —  r#,,  r#1—  r.#,  r,,  —  r„;  then,  this  is  called  a  "symmetrical  square  matrix."  If  we 

were  to  take  the  rows  and  columns  of  the  matrix  of  equation  (15.40)  and  exchange 
them  with  each  other,  this  would  be  called  a  "transposition  matrix."  The  values 
in  a  "transposition  matrix"  are  still  equal  to  the  original  values  of  the 
"symmetrical  matrix. 

Fig  15.11  represents  the  set  up  of  the  distribution  of  the  rate  of  linear 
deformation  and  the  rate  of  angular  deformation  which  are  caused  by  the  normal  and 
shear  or  tangential  forces  of  turbulence  flow.VT  and  ,  which  are  exerted  on 
the  three  cross  sections  of  the  differentiated  control  body,  dVs .  According 


jv„  t*  r„ 

r*.  am  it, 
T*.  a.. 
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O'  drrit  g-  I 

Ki5.n  d\\  HaStST-m*-*- 
Fig  15.11 

1.  Distribution  of  Rate  of  Deformation  of  the  Three  Cross  Sections  of  dVg  2.  Cross 
Section 

to  equation  (15.16),  the  normal  shear  force  of  turbulence  flow,  ax  ,  «  the  turbu¬ 
lence  flow  viscosity,  Pi  ,  x  the  rate  of  linear  deformation  along  the  normal  line 
direction;  moreover,  the  shear  force  of  turbulence  flow,  *r  ,  =  the  turbulence 
flow  viscosity,  pi  ,  x  the  rate  of  angular  deformation  of  the  edge.  The  linear 
deformation  or  strain,  t  ,  =  the  distance  of  lengthening  or  shortening  which 
results  from  the  pull  or  pressure  exerted  along  a  certain  selected  section  is 

eliminated  by  the  length  of  the  original  line  segment;  the  rate  of  linear  deformatior 
ds 

is  =  the  amount  of  the  increase  (or  reduction  m  flow  speed  along  the  given 

line  segment/the  length  of  the  given  line  segment.  For  example  (see  Chapter  5, 

Sec  2),  the  rate  of  linear  deformation  along  r  =—  —  —  —  ■&,  and  the 

Ar  dr  dt 
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■V* 


turbulence  flow  normal  force  a„  ■»  2fiT  ^the  rate  of  linear  deformation  along 

(r  +  dr'jdO  —  rdd  &  v  ;  the  turbulence 

rid*  r*. 


rd 


flow^  normal  stress 


9f~  2#t 


the  rate  of  linear  deformation  along  z 


—  — Ti"-,  and  the  turbulence  flow  normal  stress  ^  '  i  a.1— -A.  Because 

i  *** 


of  these  facts,  if  one  is  considering  the  case  of  an  axisymmetric  flow  field, 
the  edge  riQ  has  no  rate  of  angular  deformation,  that  is  to  say. 


i  05.41) 


f 

then  rJ . 


—  —  ~  _ 

rde  rdd  "  rdd  “*  °* 


It  follows  from  this  that  u,  v,  and  w  are  invariable  along  the  circumferential 

direction  r  -  .  Because  o.f  this  fact,  the  rate  of  deformation  of  related  angles 

within  the  cross  section  rdddr  (ItL - — )  ;  the  turbulence  flow  shear  force 

-  \dr  r  f 

r.  _  r  .  „  - /JL\  ;  the  rate  of  deformation  of  related  angles  within  the  cross 
dr  \  r  J  dr  . 

section  rdddz  =  gv/  g  z;  the  turbulence  flow  shear  force  “  /tj.  5 

the  rate  of  deformation  of  related  angles  within  the  cross  section  drdz  — -  + 

Or  Or 


and 


/©w  9u~\ 

,  the  turbulence  flow  shear  force  *■  *V  ■“  Mr +  dz  )  , 


(15.42) 


The  turbulence  flow  force  matrix  II  is  a  symmetrical  square  matrix.  If  we 
make  a  connection  between  it  and  equation  (15.41)  and  equation  (15.42),  then,  it 
is  possible  to  form  them  into  the  matrix  equations  which  follow 


►  -  . 


-  -  -0  — 

^  ,,  a, 

I'-^vV  V  *  dr 

\-5®rW  *  dz 

*$wT~z''  -  * 


dK-r 


9w 


f' 

0 


2 

TMr 


*:'9r  i  ’ 
w  0.0 
0  vV  0 

l  0  0  vV 


9.  0 

0  p  J 


(15.43) 


According  Co  the  various  elements  in  corresponding  positions  in  the  matrices 
on  the  two  sides  of  the  equal  sign  in  equation  (15.43),  it  is  possible  to  write  out 
a  turbulence  flow  force  formula  for  each  quantity,  for  example, 


a“  “  -(‘■r  ~  ~  P  ~  ~  —  —  (pw)'w' , 

t'.-UrrA-  (-1)  -  _  MV,  etc. 


Sec  9  Axially  Symmetrical  Turbulence  Heat  Transfer  Equations 

Equation  (15.19)  only  represents  the  turbulence  flow  heat  transfer  density 
flow  in  the  coordinate  direction  y.  On  the  basis  of  this,  it  is  possible  to  write 
out  the  turbulence  flow  heat  transfer  density  flows  for  the  three  coordinate  direc¬ 
tions  as  follows:  in  the  radial  direction,  r, 

1r  —  —  pa  c,T  —  —  put*  T*  ~  [kcal/m*-*] 

-..Or 

0544) 

in  the  circumferential  direction  r&  , S’*  "  O'- this  is  due  to  the  fact  that  the  field 
in  question  is  axisymmetrical .  In  the  axial  direction,  z,  we  find 

S.  “  ~p*’c,T  -  -1^77  -  -r*  [kcal/W-t] 

Oz 

(15  45; 

Fig  15.12  draws  out  the  changes  in  the  turbulence  flow  heat  transfer  density 
flow  within  the  meridian  plane  —  rdddrdx  of  ird* 
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According  to  the  conservation  of  energy,  the  rate  of  change  of  the  flow  of  heat 
into  and  out  of  the  control  body  is  equal  to  the  rate  of  change  of  the  heat 
transfer  density  flow  (f*  +  of  the  surface  of  the  control  body  plus  the 
loss  function  i1  (that  is  to  say  the  rate  of  the  production  of  heat  by  surface 
friction).  According  to  these  basic  principles,  we  can  set  out  the  equation 


[""5“')  dr  -4-  (pm«)  j(r  -4-  dr)d6dt  —  (pai)rdddz 


r  di  owi ) 


(pwi'l  I 


ddar  —  (pwi)r  dddr 


l  us 

—  1"  q,  -4-  dr  j  y  r  +  dr  )d6ds  +  q,r  dtidz 

L  dr  ■* 

—  ^  q,  4-  dz  j  rdddr  -4-  q,rdddr  4-  d>dV , 

(f?  +  *) 


(pm)  d(pwi)  ^  _  ('  dq,  _j_  £,) 

dr  ■  r  -  dz 


^  —  .-4-  <t>  [kcal/m5>i] 

■dz 


(15.46) 


On  the  basis  of  the  two  functions  C P*0'  and  (p*0*  ,if  we  solve  for  the  partial 
derivative  and  then  take  the  left  side  of  equation  (15.66)  and  expand  it,  we  can 

°btain  .  .  <*>)  ~  (pcT  ,  .d(ow) 

Or  r  Ot  Or 

di  da,  1  d  c  \ 

-  — r* - 7  -r-  W.) 


4- 


P» 

)  +  <6 


dr  dr  r  dr 

The  first  three  quantities  on  the  left  side  of  the  equation  above  can  become 

0 


(See  equation  15.30). 


r  di 

P  I  u  - 

l  dr 


d: 


dj. 

dz 


—  ~  C^r)  +  <t>,  [kcal /*»’•»]  <15. 47; 

r  Or 


Heat  is  produced  by  the  pulling  and  pushing  pressure  on  the  normal  lines  along  the 


surface.  Chat  is  Co  say,  Che  normal  stress  multiples  Che  rate  of  linear  deformacion 


—  iN-m/m'**]; 
dr 

The  tangent  lines  along  the  surface  out  across  each  other  and  produce  heat,  which 
is  to  say  that  the  tangential  stresses  multiply  the  rate  of  angular  deformation 

'  r*  iN'm/W**]. 

o»  . 

The  loss  function  ;  =  the  overall  rate  of  heat  production  caused  by  the  rubbing 
of  friction  in  turbulence  flow  as  it  occurs  on  the  surface  of  the  control  body, 
that  is, 


,  3u  ,  «  , 

4>  ”  a,,  -r—  +  om - h  a„ 

Or  r 


dw  ,  {dr  r  \ 

_ aT  +  "  i-eT.-  T). 


Sec  10  Axially  Symmetrical  Concentration  Diffusion  Equations 


Let  us  generalize  the  use  of  equation  (15.24)  in  axisymmetrical  turbulence 
flow  fields.  If  we  are  considering  the  density  flow  of  the  concentration  of 
the  jth  type  of  gas,  then,  in  the  radial  direction,  r, 

o,x 


X  -  -  —  -Dr  J*  - 


.If.. 


in  the  circumferential  direction,  r  Q  ,  (J,)^  mm  o  »  and,  because  of  the  fact  that  r, 
is  invariable  along  r  f  ,  (,8c, /rdO)  0  ;  along  the  axial  direction,  z. 


</,).  - 


[kg/m1-*]. 


(15.50) 


According  to  the  conservation  of  mass,  the  differential  between  the  concentration 
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of  the  jth  type  of  gas  as  it  enters  and  leaves  dVg  ought  to  be  equal  to  the  rate  of 
change  of  the  density  flow  of  concentration  on  the  surface  of  dVg+  the  rate  of 
formation  of  the  jth  type  of  gas  within  dVs,  Rj.  According  to  this  principle,  if 
we  take  a  look  at  Fig  15.12,  then,  it  is  possible  to  set  out  the  concentration 
diffusion  equation  for  the  jth  type  of  gas,  that  is. 


^~^dr  +  (pujn,)j(r  -f  dr  )d6dz  —  (pum,)rd8dz 

+  (Pwm,)  | rdddr  —  (pw m,)rd8dr 
“  ~[ — +  dr)dddt 


+  C J)\rd6dz  —  dz  +  O,).  j  rdOdr 

+  UJ.'Mdr  +  RjdV,  difOULl  +  i£*ZL ) 

dr  r 

+  Q(pwmj)  _r  ac;,)r  041 

dz  L  dr  T  J 


(15.51) 


And,  continuing  in  this  vein,  if  we  expand  the  left  side  of  equation  (15.51)  on  the 
basis  of  the  previous  solution  by  using  the  partial  derivative  of  the  products 


m,  and  (pw)  mi  then,  we  can  obtain 


According  to  (15.30),  the  three  quantities  in  the  equation  above 


Because  of  this  fact,  it  is  also  true  that 

.  r  dm,  .  dm,  1  _  dOd. 

r  ~a?  J - aT  ' 

+  05.5:) 

f  Or 
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In  flame  tubes,  right  in  the  combustion  area,  it  is  possible  for  there  to  be 
n  type  of  gases  coexisting  at  the  same  time.  According  to  the  preceding  Sec  6, 

it  is  necessary  to  symbolize_this  as 

■ 

y1.*”,  “  »|  +  m,  +  «,+  •••  —  1>- 
»  '  '  '  _ 
i  “  1*  2,  3,  •  ••■ 

Combustion  areas  are  different;  the  pressure  and  concentrations  of  dVg  are 
different;  because  of  these  facts,  there  are  n  types  of  gas  concentration  diffusions 
and  n  equations  with  a  form  similar  to  that  of  equation  (15.52).  Fuel  and  gases 
which  have  not  yet  been  burned  react  with  substances  and  and  undergo  a  chemical 
reaction  to  become  products  of  already  burned  fuel  and  gases.  If  we  pick  the 
concentration,  c\  ,  of  a  certain  reacting  substance  to  be  the  basis  (for  example 

cCH4)>  then,  the  rate  of  dissolution  and  reduction  of  concentration  is  nothing  else 
than  the  rate  of  the  chemical  reaction,  that  is,  the  rate  of  the  dissolution  and 
reduction  of  the  amount  of  CH4  or,  in  other  words. 


X,  _  _ 

:  d‘ 

Or,  the  rate  of  the  formation  of  CO2  is 


_  Cco,') 

it  ' 


(15.53) 


Sec  11  Combustion  Reaction  Rate  W 

In  the  previous  section,  the  rate  of  loss  of  reacting  substances  or  the  rate 
of  formation  of  the  products  of  reaction,  ,  is  nothing  else  than  the 

rate  of  combustion  reaction,  W,  which  represents  the  speed  of  burning.  In  the 
main  combustion  area,  fuel  is  continuously  supplied  and  vaporized  and  then  mixed 
with  air  to  form  “unburned  fuel  and  gases  or  unburned  fuel  and  air  mixture." 

It  is  only  necessary  for  the  ratio  of  composition  or  blending,  s,  to  be  appropriate 
in  the  mixture  of  unburned  fuel  and  air  in  terms  of  the  content  of  oxygen  con¬ 
centration  (c0x)  and  the  concentration  of  fuel  (cf),  and  for  the  environmental 
temperature,  T,  and  pressure,  p,  to  be  adequately  high,  as  well  as  for  the  flow 


speed,  V,  to  be  not  too  fast,  and  then,  the  atoms  of  oxygen  and  the  molecules  of 
fuel  can  violently  collide,  breaking  up  the  molecular  structure  of  the  fuel  and 
forming  into  a  nev  molecule  with  the  attendant  production  of  heat  in  the  quantity,  Q. 

Kerosene  is  a  mixture  of  several  types  of  compounds  of  carbon  and  hydrogen. 

This  mixture  must  first  be  vaporized  to  form  a  hydro-carbon  compound  in  a  gaseous 
state,  such  as,  CH^ ,  C3Hg,  and  so  on,  and,  only  when  it  has  been  reduced  to  the  form 
of  these  types  of  simple  molecules  can  it  be  introduced  to  the  combustion.  During 
combustion,  there  is  also  no  immediate,  one-step  reaction  to  form  CO2  and  H2O. 
Individual  molecules  must  first  break  down  to  become  atoms.  The  atoms  and  molecules 
must  collide  with  each  other  to  produce  a  series  of  transitional  products  such  as 
CO,  OH,  and  so  on;  this  chain  reaction  takes  place  in  stages  and,  finally,  results 
in  the  formation  of  CO2  and  H2O.  During  the  process  of  all  this,  the  stage  of  the 
reaction  which  happens  most  slowly  determines  the  overall  rate  of  reaction.  If  one 
is  dealing  with  a  case  in  which  there  is  a  rich  mixture  of  fuel  and  a  shortage  of 
air,  then,  because  of  the  agitation  or  liveliness  of  activity  of  the  oxygen  atoms, 
they  are  picked  up  first  in  the  formation  of  H2O.  There  is  a  certain  amount  of 
carbon  left  over  which  can  only  go  into  the  formation  of  CO.  If  the  shortage  of 
oxygen  is  too  severe,  then,  there  will  be  an  excess  amount  of  compounds  of 
hydrogen  and  oxygen. 

(1)  The  Breakdown  of  Individual  Molecules,  Stage  One  Reaction 

Let  us  assume  that  AB]-*A  +  B  .  Let  us  take  c  to  represent  the  instantaneous 
concentration  of  (AB)  (kmol/m3);  according  to  the  "laws  for  the  behavior  of  matter", 
the  rate  of  reaction  and  the  instantaneous  concentration,  c,  form  a  ratio;  if  we 
assume  that  k  =  the  coefficient  of  reaction,  then,  the  stage  one  or  level  one 
reaction  is 

mm  »  W,  [krool/m*'*!  (15.5-0 

'■it  -•  •• 

la  r-— */  +  c0Mt. 

When  t  =  0,  the  original  molecular  concentration  of  (AB)  in  moles  «  c0,  and 

coost»  lor«  »  then,  it  follows  from  these  conditions  that  the  function  of  the 
change  over  time  of  the  molar  concentration  ratio  is 

—  —*“**,  /-*oo,t-*  0.  (15  55) 

h 

(2)  Two  Molecules  Collide  With  One  Another,  Stage  Two  Reaction 

Let  us  take  the  parentheses  to  represent  the  molecular  weight  of  various 
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different  types  of  gases,  (A),  (B),  . ;  let  us  also  take  ca,  eg  to 

represent  the  instantaneous  molar  concentration  (kmol/m3);  let  us  further  take  a, 
b  ...  to  represent  the  appropriate  coefficients  of  distribution  or  mixing  of  the 
various  types  of  materials  or  gases  in  the  equations  for  the  reactions;  if  we 
assume  all  these  values,  (Q)  *  the  amount  of  heat  generated  in  the  reaction,  and  the 
equation  of  the  reaction  is  «U]  +  HB]  — /t  F]  +  *[G) +  (£>)  (15-56)  .  xhe  rate  of  combustion 
reaction  is 

4  *  —  — [kmol/W-s]  ClS.fT'l 
dt 

For  example:  OH +  HJ—*H  +  HJ0-t- 14.2  k«l  (15-58).  Equation  (15.58)  represents  the 
collision  of  two  molecules  with  each  other  and  their  coefficients  of  composition 
or  mixing  «  ■»  1,  £  —  1,  (c  +  $)*-2;  because  of  this  fact,  this  is  called  a  "class  two 
or  level  two  reaction."  k  is  called  the  "coefficient  of  reaction."  If  the  units  of 
concentration  of  ca,  and  eg  are  different,  then,  the  unit  for  k  is  also  different. 

If  H2  and  OH  have  concentrations  measured  in  units  expressed  in  (kmol/m^),  then, 
the  unit  used  to  express  the  coefficient  of  reaction,  k,  is  (m^/kmol.s). 

(3)  If  we  are  dealing  with  a  case  in  which  three  molecules  or  atoms 
simultaneously  collide  with  each  other  and  combine  to  form  a  new  molecule,  then, 
this  is  called  a  "third  level  or  class  three  reaction."  According  to  the  theory  of 
molecular  motion,  the  chances  of  this  type  of  collision  occuring  are  very  small; 
if  we  are  considering  the  reactions  of  combustion,  then,  it  is  possible  to  not 
consider  it  at  all.  In  the  main  combustion  area,  in  the  combustion  gases,  there 
are  many  types  present;  the  chances  of  collision  are  very  large,  and  it  is 
possible  to  simultaneously  have  the  existence  of  class  one  and  class  two  reactions. 
Because  of  this  fact,  if  one  looks  from  the  point  of  view  of  the  results,  then,  if 
one  considers  the  combustion  reaction  as  a  whole,  the  number  of  occurrences  of  each 
class  of  reaction  may  possibly  not  be  a  whole  number  2  (for  example,  1.75,  ... 

1.95). 

Sec  12  Collision  Frequency  of  Two  Molecules 

The  rate  of  class  two  reactions,  W2,  is  obviously  related  to  the  frequency  of 
collision  of  the  contents  of  each  cm3  during  each  second  as  this  refers  to  two 
types  of  molecules,  A  and  B  (or  atoms,  for  that  matter).  The  higher  is  the 
frequency  of  collision,  z,  the  more  numerous  are  the  instances  of  collision  during 
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each  second;  of  course,  the  chances  of  combining  are  then  also  higher,  and  the 
combustion  is  faster. 

According  to  the  theory  of  molecular  motion,  if,  by  using  the  distribution 
curve  for  velocity  probability  of  molecular  as  it  has  been  developed  by  Boltzmann 
and  others,  we  solve  for  the  root-mean-square  of  molecular  velocity,  u,  when  the 
temperature  is  T,  then, 

fi  — 

■  ;v  '  V  (15.59) 


If  we  assume  that  leal  ■»  4-18  Joule  »» 4.18  X  10’  ergs,  then,  in  the  equation 
universal  gas  constant  R  1.986[<al/jnol>K]  —  8.314  X  10’  [gr*em,/«Hol'*,*K]  ;  T  *  the  absolute 
temperature  (K);  and,  M  =  the  molecular  weight  (gr/mol).  u  is  directly  proportional 
to  ‘V^T^and  inversely  proportional  to 

The  volume  for  each  gram  of  molecular  weight  is  y  —  22.4  X  10’  [cm ’/mol]  •  When 
Yt  _  273  k.,  p%  ■»  760 mmHg  »  makes  no  difference  whether  the  molecules  are 

large  or  small,  whether  they  are  light  or  heavy;  the  number  of  molecules  contained 
in  22.4  X  lO’lcra’]  is  JV 6.023  X  10*  •  Because  of  this  fact,  the  concentration  of 
molecules  (the  number  of  molecules  contained  in  each  cm3)  is 


m-m-tls,  -  -  *-023  x  10" 

pt  T  22.4  X  10* 

«  2.68  X  1C*  [  1/cm3]  (15M) 

Let  us  assume  that,  in  a  reaction  volume,  there  are  two  types  of  molecules, 

A  and  B.  The  molecular  weight  of  A  =  M^;  the  molecular  weight  of  B  =  Mg;  the 

diameter  of  A  =  dA;  the  diameter  of  B  =  dg;  the  molecular  velocity  of  A  *  uA, 
and  the  molecular  velocity  of  B  =  iTg.  The  molecular  concentrations  of  A  and  B  are, 
respectively,  nA  and  ng,  and  nA  +  nt  *■ »  •  The  effective  distance  of  molecular 

collisions  is 

^  “  y  (d*  +  *»).  ; 

The  velocity  of  combustion  when  two  molecules  collide  is  fi  —  voi  +  oi  •  The  effective 
space  of  collision  for  molecules  during  each  second  involved  —  *?*u  .  According 

to  experimentation,?^  (4  —  5)  x  10“*[cm] ,  The  number  of  occurrences  of  collisions 
between  one  molecule  A  and  ng  molecules  B  is  zA  —  *?Jo»,  .  The  number  of  instances  of 
collision  between  nA  molecules  A  and  ng  molecules  B  is  ll/cm'**},'  if  we  mak; 

use  of  equation  (15.59),  then,  the  frequency  of  collision  between  the  two  types  of 


319 


molecules,  A  and  B,  within  each  cm^  is 


,  *  1 

'  *  -u. 


[l/an*-*] 


(15.61) 


The  effective  molecular  weight  that  all  this  amounts  to  is 


_  JOdM— 

Mj  4-  M 


The  kinetic  energy  of  collision  totals  up  to 


E' 


(15.62) 


Sec  13  Reaction  Coefficient  k 

When  two  molecules,  A  and  B,  collide  with  each  other,  it  is  most  certainly 
not  true  that  there  is  a  new  molecule  formed  in  every  case.  It  is  only  in  cases 
in  which  the  velocity  of  combination,  IT,  is  adequately  high,  and  the  kinetic  energy 
of  collision,  E',  is  large  enough  to  make  it  possible  to  break  up  the  molecular 
structures  involved  that  we  find  the  causation  of  a  chemical  reaction;  this 
happens  only  when  these  conditions  are  met.  The  energy  which  is  required  for  the 
breaking  up  of  these  molecular  structures  is  called  the  "energy  of  activation". 
Because  of  this  fact,  it  is  only  necessary  that  there  be  a  collision  of  molecules 
such  that  E '  ^  E,  and  there  will  be  an  effective  combining;  this  combining  will 
only  take  place,  however,  if  this  condition  is  met.  Let  us  assume  that  z  =  the 
number  of  occurrences  of  effective  collisions  in  each  cm3  during  each  second;  if 
we  assume  this,  then,  the  activation  factor  =  z^B^AB  =  t*le  frequency  of  effective 
collisions/the  frequency  of  theoretical  collisions  =  the  coefficient  of  effective 
reaction/the  coefficient  of  theoretical  reaction  = 

(15.63) 

From  equation  (15.63),  it  is  possible  to  explain  why,  when  the  molecules  of  fuel 
are  large  (this  requires  that  the  energy  of  activation,  E,  be  large)  and,  during 
periods  when  the  temperature  is  low,  that  k«  b  «  that  is  to  say  that  combustion 
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is  difficult  to  achieve.  If  we  take  the  molecular  concentrations  nA  and  ng  to 
represent  the  rate  of  combustion  reaction,  i.e.. 


WA 


•‘,'V 


<15.64) 


And,  if  we  further  take  the  molar  concentrations  (cA)  and  (eg)  (kmol/m3)  for 
representation,  then,  due  to  the  fact  that  each  kmol  of  volume  contains,  in  22.4 
m3,  the  number  of  molecules 

JV—  6.023  X  10*, 

nA  —  6.023  X  10*  X  10~*[cj];  (15.65) 

»  —  HlA  -  6.023  X  ID**,,*  ^ 

—  6.023  X  10*  X 

Because  of  these  facts. 


M'.  -  —  -  6.023  X  10* 


X  </«*  X  8.315  X10M Oil*,]  e 

-  6.023  X  10*  X  4.57 

X10'y<il^i' 

-  2.75 

X  10” i*  AJ~~,  [kmol/mJ*$]  (15-66) 

i  A/ 


If  we  make  a  comparison  with  equation  (15.66),  the  coefficient  of  effective  reaction 
is 


*-2.75  X  [m’/kmol-s] 


(15 67) 


It  follows  from  this  that  the  coefficient  of  effective  reaction,  k,  is  a  function 
of  the  total  molecular  weight,  M',  the  effective  distance  of  molecular  collision, 
d,  the  energy  of  activation,  E,  and  the  temperature,  T. 
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We  already  know  the  molecular  weight  MA  or  the  A  type  gas,  and  its  rate  of 
loss  is  —  <15.68)  . 

If  we  first  make  experimental  measurements  of  the  rate  of  combustion  reaction, 
w A.  the  instantaneous  concentration  (cA  and  (cB),  and  the  temperature,  T,  then, 
on  the  basis  of  equation  (15.66),  it  is  possible  to  calculate  the  energy  of 
activation,  E,  of  these  combustion  reactions,  or  the  coefficient  of  reaction,  k. 

If  we  calculate  the  coefficients  of  reaction,  k,  for  different  temperatures,  T,  then, 
it  is  possible  on  the  basis  of  equation  (15.67),  to  draw  out  the  logarithmic 
subordinate  straight  line,  as  is  seen  in  Fig  15.13,  in  order  to  represent  changes  in 
Ink  as  it  varies  with  changes  in  the  inverse  of  the  temperature  (1/T),  that  is, 

k.  — 

<».69) 


The  slope  of  this  straight  line  should  be  equal  to  E/R  “  *g<*  ;  it  then  follows  from 
this  that  it  is  possible  to  estimate  the  energy  of  activation,  E. 

If  we  experimentally  determine  the  energy  of  activation  of  the  combustion  of 
heptane  (C7H15)  and  oxygen  (O2)  to  be  E*  3.6  X  10*  [cal /mol]  ^then,  the  coefficient  of 
reaction  is  {a(k4  10**(cn»Vgr.*]  4  X  lO’tmVkg**]. 
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Fig  15.13 

1.  Ink  As  It  Varies  with  Changes  in  (1/T),  (HI) 

Sec  14  Combustion  Mass  Equilibrium 


It  is  possible  to  ustCgHig  for  the  formula  of  a  stable  molecule  of  kerosene. 
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The  components  of  the  weight  include  Carbon,  C at 0.856,  hydrogen,  H  at  0.144  and  in 
the  appropriate  gas  combination  ratio  with  air,  L0  *  14.7.  The  combustion 
characteristics  of  octane  are  very  close  to  those  of  kerosene;  when  one  does 
quantitative  tests,  one  always  uses  octane  (CgHig)  to  take  the  place  of  kerosene. 

One  may  consider  that  each  mole  of  air  contains  oxygen  0.21  and  0.79  of  nitrogen 
and  that  each  mole  of  oxygen  will  combine  itself  with  3.76  moles  of  nitrogen.  The 
equation  for  combustion  reactions  in  which  the  coefficient  of  excess  air,  a  =  1,  is 

C,H„  +  lf.5'd'+l2.5  X  3:76N,£J*SQQr  " 

+  9H,Q:+  47N,  +  Q  ■  ‘C15.70) 

The  molecular  weights  arec  —  12,  H— .1,  O  —  16,  N  —  14.The  molecular  weights  are 

O,  -  32,  N,  -  28,  CO,  -  44,  H,0  -  18. 

C,HU-  8  X  12  +  18-114,  12.5  0,-  12.5  X  32  -400, 

47N,  —  47  X  23  —  1316,  8CO,  —  8  X  44  —  352,  9H,0~ 

9  X  18  =  162. 

114kg  (octane)  +  400kg  (oxygen)  *  1316kg  (nitrogen)  -*  352kg  (carbon  dioxide)  + 
162kg  (water  vapor)  +  1316kg  (nitrogen)  4-  (114x10400)  kcal .  The  masses  of  the 
mixtures  of  unburned  gases  and  gases  which  have  already  been  burned  are  equal,  that 
is  1830kg  (unburned  gas  mixture)  -*  1830kg  (gas  mixture  which  has  already  been 
burned)  +  1.186x10^  kcal.  From  the  equation  for  the  combustion  reaction,  (15.70), 
is  possible  to  calculate  that  the  appropriate  ratio  of  gases  is 


L  ~  400  +  I-***-,  1716 
114  114 


15,  [kg  air/kg  octane 


that  the  appropriate  ratio  of  fuel  to  oxygen  is 


3-51,  [kg  air/kg  octane 


and  that  each  mole  of  gases  that  have  already  been  burned  comes  out  to  have  carbon 
dioxide  in  it  so  that 


r<x» 


8 

8  +  47 


14.54  % , 


If  we  take  samples  from  the  gases  and  perform  quantitative  analysis  on  them, 
and  if  one  finds  that,  in  the  gases  which  have  already  been  burned,  COj  <  14.54#. 
then,  this  explains  the  incompleteness  of  the  combustion,  *)  <  1, 
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Equation  (15.70)  is  an  equation  which  describes  a  case  in  which  one  assumes 
that  the  time  of  combustion  is  adequately  long,  that  the  space  is  adequately  large, 
that  the  environmental  or  ambient  temperature  of  combustion  and  the  pressure  in 
the  combustion  are  invariable,  and  that  the  supply  of  fuel  being  mixed  with  the 
air  is  maintained  at  the  appropriate  ratio,  L0,  and  does  not  vary,  and  this  equation 
also  assumes  that  there  is  ideally  even  mixing  in  an  ideally  stable  and  continuous 
combustion  reaction.  In  actuality,  the  volume  of  the  main  combustion  area,  V,  is 
limited,  the  stop-over  time  of  the  mixed  gases,  r*.-  will  not  be  very  long, 
because  of  the  presence  of  counter-current  flow  diffusion  mixing  cannot  be  one- 
hundred-percent  even,  and  the  distributions  of  temperature  and  pressure  are  not 
set  up  evenly;  it  follows  from  all  of  this  that,  even  if  there  is  an  appropriate 
mixture  of  ingredients,  there  will  still  be  a  great  deal  of  left  over  oxygen,  and 
the  fuel  may  also  not  necessarily  be  completely  consumed.  Because  of  the  fact 
that  the  chemical  reactiveness  of  hydrogen  atoms  is  strong,  if  there  is  first 
a  sudden  influx  of  oxygen  into  the  composition  of  the  mixture  and  «>i  ,  and 
combustion  takes  place  when  the  fuel  mixture  is  lean,  then,  there  will  again  be,  in 
the  gases  that  have  already  been  burned,  an  appearance  of  carbon  monoxide  (CO), 
when  <*<i  ,  and  combustion  takes  place  when  the  fuel  mixture  is  rich,  then,  one  can 
get  the  appearance  of  unburned  fuel,  but  this  only  happens  under  these  conditions 
and  no  others;  this  unburned  fuel  is  (cf). 

Whether  one  considers  the  situation  before  combustion  or  after  combustion, 
the  numbers  of  the  same  types  of  atoms  should  be  equal.  For  example,  concerning 
equation  (15.70),  in  the  unburned  gases,  there  are  12.5x2  =  25  atoms  of  oxygen, 
and,  in  the  gases  that  have  already  been  burned,  there  are  8x2+9  =  25  atoms  of 
oxygen. 

If  we  take  the  oxygen  to  be  the  index  or  reference  coordinate,  and  then 
take  the  amount  of  oxygen  in  the  mixture  during  perfect  combustion  as  the  base 
value  or  standard,  then,  when  there  is  a  lean  mixture  or  a  rich  mixture,  in  the 
mixture  of  gases,  the  corresponding  ratio  between  fuel  and  air  is  ^*"—$1, 

4X 

Let  us  assume  that  p  -  the  appropriate  or  optimum  amount  of  oxygen  to  be  mixed 
in  /  the  actual  oxygen  content  and  let  us  also  assume  that  a  lean  mixture  is 

“  > 1 .  or  sS,  *  <  1,  fi  "  —  let  us  further  assume  that  a  rich  mixture  is  «<I, 
or  4>  >  1,  fi  -  l.  (15.71) 
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The  instantaneous  localized  combustion  efficiency  is  *1  =  the  actual  amount  of 
oxygen  lost/the  appropriate  or  optimum  amount  of  oxygen  in  the  combination  -  1  - 
the  concentration  of  oxygen  which  has  not  been  dissipated  or  lost/the  concentration 
of  oxygen  which  is  appropriate  or  optimum  to  enter  into  the  combustion  ®  1  -  r/r0 
(15.72).  Let  us  assume  that  T  =  the  actual  temperature  of  gases  that  have  already 
been  burned,  that  Tc  =  the  original  temperature  of  the  gases  that  have  not  already 
been  burned,  and  that  Tm  =  the  maximum  temperature  of  gases  that  have  already  been 
burned  if  the  combustion  is  ideally  complete  ^  =  0.  If  we  assume  that  = 
r/rQ  =  the  oxygen  consumption  ratio,  then,  the  instantaneous  local  combustion 
efficiency  is 


* 


1'*-* 


<1573) 


If  we  are  considering  the  case  of  a  lean  mixture,  ^  then,  due  to  the  fact 

that  the  mixing  is  uneven,  and  the  time  is  inadequate,  the  combustion  reaction  for 
V  <1  is 

«*«*  +v«-5« a,  1  ,)Oi 

Jt-  25(1  -  ,)CO  +  (25,  7-17)03, 

+-Jw±  <i5.74) 


On  the  basis  of  the  fact  that,  in  the  gases  that  have  already  been  burned  and 
in  the  gases  that  have  not  already  been  burned,  the  numbers  of  atoms  of  the  same 
types  are  equal,  if  one  checks  out  the  number  of  moles  of  CO2,  x,  then. 


25o  -  25(<*  -  ,)  +  25(1  -  ,)  +  it  +  9, 
-  25o  -  52,  +  25  -  25,  +  lx  +  9, 

0  -  —50,  +  34  +  2*; 

It  follows  from  this  that. 


*  -  —  (50,  -  34)  -  (25,  -  17). 

2 

If  one  is  considering  a  case  in  which  ,  <  j,  then,  it  must  be  that  x<8,  and 
that  there  is  imperfect  combustion  with  a  lean  mixture;  it  fellows  from  this 
that  there  would  be  evidence  of  the  appearance  of  CO.  From  equation  (15.74),  it 
is  possible  to  calculate,  in  the  gases  that  have  already  been  burned,  the  molar 
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concentration  ratio  for  the  CO  and  excess  O2  contained  in  them;  this  ratio  is  r. 
The  total  number  of  moles  in  the  gases  which  have  already  been  burned  ■ 

12. 5a  -  12-5*7  +  25 
~  25,  4-  25*j  -  17  +  9  +  47 a  -  59. 5a 
-  12.5,  17  -  12- 5(4.7 6a  -  ,  +  136), 


The  molar  concentration  ratio  is 


fco 


'o. 


25(1  ~  3) 

::  5(4.76 a  -  I-  +  1.36) 
20  -H) 

(4.76a  —  ,  4-  1.36)’ 
12.5(o  -  ,) 

12-5(4. 76a  -  17  4-  1.36) 
(a  —  ,) 

(4.76a  -  jj  +  1.36). 


05-75) 


We  already  know  a  and  V  for  the  main  combustion  chamber;  on  the  basis  of  the 
equation  (15.75),  it  is  possible  to  calculate  the  molar  concentration  for  the 
excess  oxygen,  r0^.  If  one  is  calculating  the  actual  excess  oxygen  coefficient 
a.  ,  for  an  augmenter  combustion  chamber,  then,  one  ought  to  use  this 
concentration  of  excess  oxygen. 

Sec  15  Overall  Reaction  Rate  of  Octane  and  Experimentation 

The  combustion  of  complicated  compounds  of  hydrogen  and  oxygen  like  octane 
(CgH^g)  and  kerosene  are  reactions  that  proceed  in  several  stages.  If  we  first 
fix  the  overall  class  of  reaction,  m,  and  the  class  of  the  fuel  reaction,  n,  then, 
we  can,  on  the  basis  of  equation  (15.57)  and  assuming  that  (c^)  =  the  molar 
concentration  of  the  fuel,  and  that  (ccx)  =  the  molar  concentration  of  oxygen, 
write  out  the  consumption  rate  of  oxygen  (that  is  the  reaction  rate)  which  is 

at 

If  we  assume  that  the  molar  concentration  of  the  mixture  *  [cH]  [moi.'l  ]  , 

then,  p=  XT  .  On  the  basis  of  equation  (15.75),  let  us  use  the  molar 
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concentration  ratio'o.l-'-]  “  1>  .  !•  r . '  *  ^  1  “I-  i  ;  the  coefficient  of  reaction,  k,  accordii 
to  equation  (15.67),  can  be  written  as 

Wr  •  Wt 

-  U**I"  •  rgrr  •  rf. 

It  follows  from  this  that  the  rate  of  oxygen  reaction  is 


1  %/  7  (j^)"  f  *  I—Ol/l-.J 


.  05.75a') 

Let  us  assume  that  V  =  the  volume  of  the  combustion  chamber  (1),  that  GQ  =  the 
gas  supply  circulation  (mol/s),  and  that  GQX  =  the  rate  of  consumption  of  oxygen 
(mol/s);  in  such  a  case,  [mol/»],  tj  »  «  —  1.8 -►  2.0,  0.8 -►  1.  C..  —  0-21£i/G»  ■*  1  W 

in  a  lean  mixture  #  —  —  ,  and  a  rich  mixture  means  £  —  1 ;  in  a  lean  mixture, 

a 

the  gas  supply  circulation  is 


C%  -  4.67  aV  ?«r 

>)  \RT 


(4.76a  T  v  +  1.36)-  ’  K  i,8»  *  0,8 


In  a  lean  mixture  where  a>l  ,  the  circulation  load  is 


C. 


V  •  (?)••' 


4.76 


,itZ± 


*  xiilziafeal  .  a5,6s 

(4.76a  - 5  +  1.36)'J  (>576) 

In  a  rich  mixture,  the  gas  supply  circulation  is 

x  r  d-i?»  1“ 

l  (4.76  -  ij)a  -t-  0.08(1  +  16jj)  i 

In  a  rich  mixture,  where  «<1,  the  gas  flow  or  circulation  load  is 


|  *=  — —  _  4 -g  _4i_  y  4-i.*  ty  !  0-08  Y4 
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1(4.76  —  ij)«  +  0.08(1  +  16i;)J 


hTTm  1 J  20  JO  40  jo 

1 

.M  ana* 


Fig  15.14 

.  ,  ,  ,  ,,  w..  c  moi  12.  Corresponding  Fuel-to-Air 

'•  cii::;atio; 7  7  ».  te«s 

Ratios  (1/  a  )  or  <p» 

6.  Lean  Mixture  of  Fuel  7.  Rich  Mixture  of  Fuel 
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Table  15-3 


1.  The  Inetananeous  Locsl  Combustion  Temperature,  T.  As  .  Function  of  a  »»<>  h 
(Fuel  CgHjg) 


Let  us  assume  that  the  original  temperature  of  the  gases  which  have  not  yet  been 
burned  is  T,  -  400(K],  p  -  0.2  -  l.Ofaon],  £«  «-2  *  lO^cal/mol],  R  -1986[eal/fnol-K], 

let  us  further  assume  that,  if  we  are  dealing  with  a  lean  mixture,  when  j.  >  1, 
then ,  Jt,  —  J(,  \/  T  —  ].67  x  10“  and,  if  we  are  dealing  with  a  rich  mixture,  when  a  <  1, 
then , 4*  —  +J T  —  ll.l  x  10“  t^e  basis  of  the  data  which  have  been  postulated  above, 
if  we  substitute  into  equations  (15.76)  and  (15.77),  then,  we  can  figure  out  the 
curve  which  represents  the  changes  of  air  current  load,  f,  for  the  combustion  of 
octane  and  oxygen  as  it  varies  with  corresponding  changes  in  the  fuel-to-air  ratio, 

1/  a  ;  this  curve  is  represented  by  the  broken  line  in  Fig  15.14.  If  one  grants  the 
basic  assumptions  of  a  sherical,  ventilated  combustion  chamber  in  which  the 
temperature  is  maintained  and  the  mixing  is  even,  then,  the  results  of  experimenta¬ 
tion  with  the  combustion  of  octane  and  air  are  represented  by  the  solid  line  in 
Fig  15.14.  If  one  arranges  to  increase  the  air  current  load,  f  ,  that  is  to  say, 
if  one  arranges  to  increase  the  air  supply  to  the  combustion  chamber,  then,  one 
will  also  succeed  in  increasing  the  speed  of  the  rate  of  oxygen  consumption.  Sooner 
or  later,  because  of  the  fact  that,  within  the  combustion  chamber,  the  stop-over 
time,  r,  ,  is  too  short,  the  flame  will  be  blown  out. 

Sec  16  Combustion  Heat  Balance 

From  Table  15.3  it  is  possible  to  find  out  the  fact  that,  for  perfect  combustion, 
1  =  1,  as  well  as  the  ideal  maximum  temperatures,  Tm,  fCr  different  original 
temperatures,  T0,  and  different  corresponding  fuel-to-air  ratios,  $  ;  besides  this 

it  is  also  possible  to  find  out  the  temperatures,  T,  to  which  the  gases  which  have 
already  been  burned  can  attain  assuming  that  we  already  know  and  we  are  consider¬ 
ing  different  values  of  Tc  and  different  rates  of  combustion,  y  .  Fig  15.15  (a) 
represents  the  main  combustion  area  in  the  midst  of  stable  continuous  combustion. 

Let  us  assume  that  the  coefficient  of  excess  oxygen,  a  =  1,  and  that  the  combustion 
reaction  generates  the  following  amount  of  heat  for  each  mole  of  oxygen,  that  is, 

H,~  [kol/mol). 

If  we  assume  these  things,  then,  the  rate  of  the  release  of  heat  for  the  main 
combustion  area  is  —  H,C„  —  H%VW„  —  Q.2\vGJ-lt  [kcal/s]  (15  " S ) .  v  „  the  volume  of  the 
main  combustion  area  (m^  or  1);  Wox  =  the  rate  of  reaction  of  oxygen  (equation 
15.75  a).  The  amount  of  heat  which  comes  along  with  the  gases  which  have  already 
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as  is. is 

Fig  15.15 

1.  Main  Combustion  Area  2.  Combustion  Heat  Equilibrium 

been  burned  as  they  come  out  of  the  main  area  of  combustion  *  the  heat  output  rate, 
which  is. 


Let  us  consider  that  the  main  area  of  combustion  has  absolutely  even  mixing,  and  let 
us  not  take  into  consideration  the  problem  of  the  dissipation  of  heat  by  the  walls 
of  the  flame  tubes.  If  we  take  the  mole  to  be  the  unit,  then,  L,  ■»  12.5  +  47  »  59  5 
When  there  is  thermal  equilibrium,  then,  Qj  *  Q2 »  it  follows  from  this  that 

ro.rne* 

-  C.(  1  +  -  Ft)  Ucal/*]  (15.79) 

The  left  side  of  the  equation  above  is  the  curve  ABEFCD  in  Fig  15.15  (b)  the  right 
side  is  AE,  AB  and  other  such  straight  lines.  Point  A  represents  the  low 
temperature  point  at  which  ignition  has  just  taken  place;  point  B  represents  the  end 
of  the  period  of  pre-combustion,  and  BF  is  the  period  of  stable  combustion.  Point 
C  represents  the  a  region  of  the  maximum  temperature  of  combustion,  Tm>  with  an 
attendant  rapid  reduction  and  slowing  in  the  rate  of  reaction,  WQX.  If  the  gas  or 
air  supply,  G0,  is  very  small  (-the  straight  line  AD),  then,  it  is  only  possible  to 
have  combustion  when  one  has  temperature  Tp;  no  other  condition  will  do.  If  one 


s 


increases  G0,  then,  the  straight  line  and  the  curve  will  cross  at  point  E,  and 
there  will  be  blow  out;  if  one  increases  T^,  then,  there  will  be  stability 
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Chapter  16  An  Outline  of  the  Computation  of  Combustion  Flow  Fields 


Sec  1  Standardization  of  Combustion  Flow  Fields 

If  one  is  going  to  consider  the  case  in  which  he  is  going  to  make  theoretical 
calculations  and  analyses  of  combustion  flow  fields,  then,  he  ought  to  consider  all 
the  physical  and  chemical  processes.  For  example,  concerning  turbulence  flow 
strength,  c  ,  and  scale,  1,  are  vortices  attenuated,  weakened  and  broken  up?  Is 
turbulence  flow  homogeneous  in  various  different  directions?  If  one  is  considering 
the  case  of  the  kinetic  frequency  spectra  of  turbulence  flow,  then,  what  about  the 
idea  of  mapping  out  a  "turbulence  flow  model"  or  "normal  turbulence  flow?" 

Are  there  or  are  there  not  areas  of  vortical  counter-current  flow?  What  is 
the  influence  of  the  counter-  current  flow  on  the  size  of  the  scale  involved?  What 
is  the  voricity  number  S  equal  to?  And  what  about  the  location  of  the  vaporized 
fuel  jet,  the  angle  of  dispersion  of  the  vapor,  the  rules  governing  the  distribution 
of  the  fuel  droplets,  and  the  speed  or  slowness  of  the  rate  of  evaporation? 

What  about  the  distribution  of  the  fuel-to-air  ratio  (concentration),  and  the  speed 
or  slowness  of  the  turbulence  flow  diffusion  mixing?  What  about  the  length  or 
shortness  of  the  stop-over  time  of  the  gas  mixture  in  the  combustion  area,  rs  ,  the 
diffusion  time,  To  ,  and  the  reaction  time,  ?  The  rate  of  disappearance  or  forma¬ 
tion  of  different  types  of  gases,  Rj  =  the  rate  of  the  combustion  reaction,  W;  what 
about  the  mechanisms  of  reaction  in  the  various  steps  of  combustion,  the  overall 
class  of  the  reaction  and  the  presence  or  absence  of  thermal  decomposition?  What 
about  the  scope  and  speed  or  slowness  of  heat  flow  diffusion  and  radiant  transfer 
of  heat?  What  about  the  geometrical  dimensions  of  the  form  of  the  combustion 
chamber,  its  boundary  conditions  and  its  operational  configurations?  And  what  about 
the  initial  conditions  which  still  must  be  known  if  one  is  considering  non-stable 
flow  fields? 

If  one  were  to  consider  all  of  the  ten  conditions  discussed  above  with  their 
influences  on  each  other,  then,  the  set  of  differential  equations  for  a  turbulence 
flow  diffusion  three-dimensional  combustion  flow  field  would  be  very  difficult  to 
solve.  It  follows  from  this  that  one  should  first,  before  setting  out  the  equations, 
look  toward  the  operational  configurations  of  actual  combustion  chambers  and  draw  up 
a  set  of  standardized  or  normalized  methods  of  numerical  solution  which  are  simple 
and  can  be  used  on  physical  and  chemical  problems. 
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■ait. 


Sec  2  Turbulence  Types 


If  we  are  considering  the  problem  of  figuring  the  average  time  velocity,  V,  of 
a  rotational  jet  combustion  flow  field  as  well  as  its  concentration,  cj  (or  mt),  its 
distribution  of  temperature,  T,  and  its  thermal  flow,  q,  through  the  interior  walls, 
then,  it  is  necessary  to  know  the  turbulence  diffusion  (transfer)  coefficients  of 
momentum,  heat,  and  mass,  T*  &  T,  .  These  coefficients  should  represent  the 

functions  of  the  localized  parameters  of  gas  flow  for  density,  flow  speed  and 
temperature.  It  is  only  when  empirical  measurements  and  theoretical  analysis  combine 
that  it  is  possible  to  precisely  determine  the  "effective  viscosity  of  turbulence 
flow",  uT  .  By  the  use  of  a  hot-wire  wind  speed  meter  or  a  laser  scan  of  the  flow 
field,  it  is  possible  to  make  a  precise  determination  of  the  distribution  of  the 
turbulence  flow  strength,  t  .  If  we  make  a  precise  determination  of  the  frequency 
spectrum  of  density  flow  momentum,  then,  it  is  possible  to  determine  the  distribu¬ 
tion  of  the  turbulence  flow  scale  or  dimension,  1;  it  also  becomes  possible  to 
determine  a  calculated  value  for  the  coefficient  of  turbulence  flow  diffusion,  D^,. 

If  we  are  considering  a  case  in  which  the  vortical  strength  number  S  >  0.6,  in  a 
rotational  jet,  then,  due  to  eddy  induction  (see  Chapter  6),  the  strong  pressure  gra¬ 
dient  -f  dp  /  ds  ,  +  dp  /  dr  ,  which  is  produced  in  the  parallel  flow  direction  and  in  the 
radial  direction  goes  to  form  areas  of  counter-current  flow  and  areas  of  reflux 
flow.  If  we  are  dealing  with  a  case  in  which  the  turbulence  flow  strength  E  Js  50%, 
then,  the  turbulence  flow  shear  stress  or  force,  rT  ,  is  quite  large.  If  we  can 
arrange  for  the  diffusion  mixing  to  be  violent  and  fast,  then,  it  is  possible  to 
raise  the  strength  of  the  heat  produced  as  well  as  the  efficiency  of  combustion; 
it  is  also  possible  to  shorten  the  flame  and  raise  the  level  of  stability  of  the 
combustion.  One  might  even  be  able  to  say  that  the  ease  or  hardness  of  ignition, 
the  speed  or  slowness  of  flame  propagation  as  well  as  the  stability  of  combustion 
are  all  dependent  on  the  diffusion  coefficients  of  momentum,  heat  and  mass, 
uti  T *  &  T,  ,  The  influence  of  the  speed  or  slowness  of  the  mixing  on  the  jet 
nozzle  vaporization  and  the  "diffusion  flame"  of  the  combustion  of  fuel  evaporation 
is  even  greater  than  that  of  the  evaporation- tube-type  "pre-mix  flame."  If  we 
are  considering  the  case  in  which  we  are  doing  measurements  of  the  distributions  of 
the  flow  speed  and  turbulence  flow  strength  of  the  flow  fields  in  cold  air  testing, 
then,  it  is  possible  to  extrapolate  the  distributions  of  concentration  and  tempera¬ 
ture  of  the  "diffusion  flame." 

(1)  When  the  vortical  strength  number  S  <  0.6,  counter-current  flow  is  exremely 
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weak.  Let  us  assume  theat  the  root-mean-square  of  the  turbulence  flow  speed  is 
homogeneous  in  different  directions,  so  that,  C  —  f  —  €  ;  if  we  assume  this, 

then,  because  of  the  fact  that  there  is  a  similarity  between  the  diffusion 
phenomena  for  momentum,  heat  and  mass,  and,  consequently,  between  I**,  Tj  ,  it  i 
possible  to  presume  that  these  quantities  are  also  homogeneous  in  different 
directions.  Let  us  make  use  of  the  concept  of  the  "prandtl"  mixing  distance,  1, 
and  use  a  set  of  cylindrical  coordinates  in  r,  6  and  z,  as  well  as  the  component 
vectors  of  velocity,  U,  V  and  W.  Let  us  first  assume  that  we  are  dealing  with  a 
non-rotational  turbulence  flow  field,  then,  according  to  equation  (15.8),  the 
root-mean-square  of  the  pulsation  flow  speed  is 


K-r/ 


(16.1) 


From  equation  (15.42),  we  can  consider  it  to  be  true  that,  within  the  rz  meridian 

plane,  the  gradients  of  the  shear  force  velocities  along  r  and  z  are  equal, 

that  is  to  say  QtF  a  dU  ;  in  such  a  case,  the  turbulence  flow  shear  or 
6r  d* 

tangential  force  is  r„  «-  r„  fit  2mt  “  —puV  —  —  ow  •  C  (16.2)  .  If  we  compare 

equations  (16.1)  and  (16.2),  then. 


It  follows  from  this  that 


(16.3) 


The  kinetic  energy  of  turbulence  flow  is  E  »  —  p©*  [N  •  m/m’],  or 

~  '  (16-4).The  stronger  the  pulsation  is,  the  larger 

is  the  viscosity  of  turbulence  flow:  v’r  at  ~  /•  •  J‘  ^  —  /**>*  <16.5) 


.>(«£)  /  <u.6) 


In  a  rotational  turbulence  flow  field,  each  unit  of  mass  has  exerted  on  it  the 

centrifugal  force^--*^-,  l.N/a'J  (i6.7>.  If  we  assume  that  the  micro-masses  of  a 
diffuse  through  the  mixing  distance,  1,  then,  the  mechanical  energy  produced  and 

exerted  against  the  micro-masses  of  that  gas  in  the  flow  field  «  (the  centrifugal 
force  x  the  mixing  distance)  divided  by  the  mass  density,  that  is  to  say. 


gas 
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7(lr)-7[er]-7-T’,‘"wl',-'(lr); 


(16.8) 

Within  the  r&  cross  section,  if  we  assume  that  axisymmetrical  flow  only  takes  into 
consideration  the  absolute  rate  of  angular  deformation  *  chen*  from 

equation  (15.42),  we  can  say  that  the  turbulence  flow  shear  or  tangential  force  is 


(dv\  — r-t 

f*-r*-'nar)~~puv 


And,  according  to  equation  (16.3), 

(dV 
pvt[  — 


It  follows  from  this  that. 


Concerning  rotation. 


vT-/' 


P  •  P 
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(16.10) 

\dr  ) 

(!r)‘ 

2/  r^i 

Pur  j 

,  Vl£  .  ^£11  (l6.n) 

pr  l  pr  dr 


Fig  16.1  represents  a  flow  field  in  which  a  vortex  is  being  deformed  as  it 
weakens  and  is  breaking  up  (consult  Sec  7  of  Chapter  6).  Let  us  assume  that,  on 
the  circumference  described  by  a  radius,  r,  there  is  diffusion  movement  toward  the 
outside  in  the  case  of  the  gas  mass  and  toward  the  inside  in  the  case  of  gas 
mass  ®  .  If  one  is  dealing  with  the  same  circumference,  the  operating  forces, 

Fj  and  F2,  which  are  exerted  on  the  two  rotating  masses  of  gas  in  their  opposite 
inward  and  outward  movements  should,  respectively,  form  a  direct  proportion  with 
the  differential  of  centrifugal  forces,  that  is. 


06.12) 


If  we  assume  that  the  two  proportional  constants  of  equation  (16.12)  are  the  same, 
so  that,  c, -■  C,  «»  C  ,  then,  the  corresponding  velocities  of  the  two  masses 
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*  the  radial  direction  root-mean-square  of  pulsation  velocity,  C^i  —  tJj)  ~  u,  the 
radial  distances  after  diffusion  for  the  two  masses  of  gas  areCr,  —  r,)  —  /  —  A^and 
the  radial  direction  turbulence  flow  kinetic  energy  is 


HU.i  fiRJtSftifcrS 

Fig  16.1 

1.  An  Illustration  of  a  Flow  Field  in  Which  a  Vortex  is  Decreasing  in  Strength 

From  the  equation  above,  it  is  possible  for  us  to  obtain  the  radial  direction  root- 
mean-square  of  the  velocity  of  pulsation,  that  is, 

<l6,„ 

P*  „  .  Ar  pr  -  Or  ■  ■ 

Equation  (16.13)  confirms  the  last  quantity  of  equation  (16.11).  If  we  are 
considering  the  overall  influence  which  turbulence  flow  and  rotation  have  on 
kinetic  viscosity,  from  equations  (16.5)  and  (16.11),  we  know  that  the  turbulence 
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flow  +  the  rotation  Vj  * 


W-4*  W 


If  the  average  radius  of  a  ring-shaped  jet  nozzle  =  L,  and  the  mixing  distance 
l  “  ,  then, 

»:  -  4^KA*P)j  +  aili.  ^Pv>)  i4,  <  -  a  constant 

»/  *  L  or  J 


(16.15) 


<>«•>« 


The  larger  is  the  Reynolds  number.  Re  =  — — ,  which  represents  the 

Mr  ' 

turbulence  flow  viscosity,  the  stronger  is  the  turbulence  flow;  the  smaller  is 

w  w 

the  screw  pitch  ratio ,1V  —  — 1  —  which  represents  the  strength  or  weakness 

V 

characteristic  of  a  vortex,  the  stronger  will  be  the  rotation;  and,  the  larger  is 

the  vortical  strength  number  joc  which  represents  the  strength  or 

rpi&wy 

weakness  of  a  vortex,  the  stronger  the  vortex  will  be. 


Let  us  assume  that 


In  such  a  case. 


—  oc 

N 1  rp(A.wy’ 


Rt-.-K,  [l  +  &]1.  06.17) 


It  is  necessary,  on  the  basis  of  the  shape  and  dimensions  of  the  combustion  chamber 
as  well  as  the  experimental  conditions,  to  determine  values  for  the  constants,  Kj 

and  Kj  in  the  equation  above. 

If  we  are  dealing  with  a  cold  air  rotational  free  jet,  then. 


Rc--0.00294fl.KiLL]1  (,6.1S) 

If  we  are  dealing  with  a  combustion  rotational  jet  flame,  them. 


Re-  -  0.0078  fi*  [l  +  ~]i  06.19) 


In  the  equation  above,  the  density  ratio  p  =  the  lowest  density  in  the  center 
of  a  rotational  flame  jet/the  density  of  the  environment  around  the  rotational 
jet  flame  1 ;  we  already  know  Re,  so  we  can  calculate  p?  . 

(2)  If  we  are  dealing  with  a  case  in  which  the  vortical  strength  number  S> 
0.6,  then,  it  is  obvious  that,  as  far  as  counter-current  flow  is  concerned,  it  is 
not  possible  to  assume  that  the  turbulence  flow  is  homogeneous  in  different 
directions,  and,  it  would  also  be  true  in  such  a  case  that  the  turbulence  flow 
density,  Mr,  would  be  different  in  different  directions.  Let  us  continue  to  use 
a  cylindrical  coordinate  system  in  r,  6,  and  z  as  well  as  the  component  vectors  of 
flow  speed,  U,  V  and  W.  Let  us  assume  that  we  have  already  determined  by  experiment 
ation  values  for  the  mixing  distance,  1,  or  the  scale  involved  with  the  turbulence 
flow  (see  Sec  2  of  Chapter  15).  In  such  a  case,  it  would  follow  that,  within  the 
meridian  plane  rz,  the  total  or  overall  viscosity  *  the  viscosity  of  the 
turbulence  flow  Mr  +  the  viscosity  of  laminar  flow  n  ,  that  is. 


i  /  aw'V  .  i  r  a  /v\l*  i  (a^Vl4 
T'.ir)  +TriTl7)]  +  T  va7  / 1 


+  U 


(16.20) 

The  total  oraverall  viscosity  on  the  horizontal  cross  section  f8  is  p*  *  > 

where  <r  is  a  constant  >  1;  it  follows  from  this  that  p*  <  p„.  In  the  equation 
above,  the  constant  ~  1-K5jf»  an^  S  =  the  vortical  strength  number  which  is 
^  0.6  (see  Sec  11  of  Chapter  6). 

If  we  are  dealing  with  a  case  in  which  there  are  no  experimentally  determined 
values,  then,  it  is  possible,  on  the  basis  of  the  empirical  formula  presented 
below,  to  calculate  the  mixing  distance,  1.  Let  us  assume  that  the  radius  between 
the  center  line  of  the  flame  or  the  center  line  of  the  ring-shaped  cavity  and  the 
main  axis  line  of  the  combustion  chamber  is  rQ;  if  we  assume  this,  then,  the  mixing 
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distance,  1,  varies  symmetrically  with  respect  to  this  rQ  center  line.  On  the  line, 
r0,  the  axial  flow  speed,  Wm,  is  the  largest;  on  other  lines  such  that  r  $  r0, 
the  axial  flow  speed  *  W.  w  —  0.051*',.  is  the  boundary  of  a  ring-shaped  rotational 
jet.  If  we  already  know  the  distribution  of  W  along  r,  then,  it  is  possible  to 

determine  the  ratio  of  radii  (r/rQ)  for  the  boundary  of  the  jet. 

—  -  1  (— )  W  -  0.05lPm,  i.  -  0.08(1  +  0.6  5)  (16.21) 

r,  \r,J 

(3)  A  rough  calculation  of  • 

If  we  are  dealing  with  a  case  in  which  we  already  know  the  viscosity  of 
laminar  flow,  m  ,  as  well  as  the  root-mean-square  of  the  speed  of  pulsation,  u, 
and  we  accurately  calculate  the  Reynolds  number  Re  for  a  vortical  flame,  then, 
it  is  possible,  on  the  basis  of  Sec  4  of  Chapter  15,  to  calculate  ^  at  10"*Rc m.  If 

we  already  possess  the  frequency  spectrum  analysis  of  the  turbulence  flow  field  and 

we  obtain  the  root-mean-square  of  the  speed  of  pulsation,  w,  as  well  as  the  scale 
or  magnitude,  1,  involved  with  the  central  turbulence  flow,  then,  on  the  basis  of 
equation  (15.7),  it  is  possible  to  calculate  the  coefficient  of  diffusion  of  the 
turbulence  flow  Z>T*-«/  ;  from  Table  15.2,  if  we  borrow  the  analogous  standard 
"Prandtl"  number  Pr  for  laminar  flow  as  well  as  the  "Schmitt"  number  Sc,  then, 
it  is  possible  to  calculate  the  following  (see  equations  (15.22)  and  (15.25)):  the 
turbulence  flow  viscosity  is^r  =  p»t  “  Sc  ‘pDT  —  Sc  '■  I",,  or  Mr  “  Pr  •  paT  «=  Pr  •  T*  (16  21) 

Because  of  this  fact,  it  is  possible  to  determine  precise  values  for  all  the 
quantities  mt ,  r,S.r*,  which  determine  the  scale  and  the  level  of  the  diffusion  of 
turbulence  flow.  In  Chapter  15,  mt>  in  equation  (15.41)  to  (15-42)  J\,  in 
equations  (15.44)  to  (15.45),  and  r,  in  equations  (15.49)  to  (15.50)  all  have 
precisely  determinable  numerical  values,  and  these  can  be  used  in  making  prepara¬ 
tions  for  doing  difference  calculations.  IF  we  use  the  vector  differentiation 
symbol  v,  then,  the  degree  of  divergence  of  turbulence  flow  forces  =  V.II 

(see  equation  (15.43)).  The  degree  of  divergence  of  the  heat  flow  is 
—tr  ■  q  *- V( T/T/),  and  the  degree  of  divergence  of  the  concentration  is  — v  •  J,  —  v(r,Vm,) 
{  !o  23  >  . 


Sec  3  Standard  Types  of  Fuel  Vapor  Atomization 
Different  types  or  shapes  of  jet  nozzles  spray  out  vaporized  fuel  from  different 
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positions;  the  size  of  the  value  of  4>  for  the  jet  aperture,  the  fuel  pressure  P 
and  the  angle  of  spread  or  divergence,  u  ,  of  the  vapor  jet  all  go  together  to 
determine  the  vaporized  mass.  The  amount  of  jet  fuel  G..[kg, «}  or  Qt  I®V*J 
is  composed  of  fuel  droplets  of  various  diameters,  a^,  which  distribute  themselves 
in  terms  of  size  in  accordance  with  a  probability  distribution.  The  accelerating 
or  decelerating  movements  of  the  droplets  of  fuel,  the  elimination  of  heat  through 
evaporization  or  the  release  of  heat  by  combustion  all  have  very  large  influences 
on  the  capabilities  of  a  combustion  chamber.  A  yellow-colored  flame  represents 
diffusion  combustion  in  the  wakes  of  fuel  droplets.  Blue-colored  flames  represent 
gaseous  combustion  of  evaporated  vapors  which  have  already  left  the  fuel  droplets. 
The  concentration  of  oxygen  contained  in  the  gases  surrounding  the  fuel  droplets, 
(Po./V)  as  well  as  the  corresponding  velocity,  Vr,  of  the  fuel  droplets  to  the 
gas  flow  determine  the  color  of  the  flames.  When  one  is  dealing  with  a  situation 
in  which  the  diffusion  mixing  in  the  main  combustion  area  is  violent,  the  amount 
of  reflux  flow  of  high  temperature  gases  which  have  already  been  burned  is  large, 
the  concentration  of  oxygen  contained,  cox>  is  dilute,  and  the  corresponding 
velocity,  Vr,  is  very  high,  then,  because  of  these  factors,  one  sees  the  appearance 
of-  the  phenomenon  of  blue  flames  which  are  due  to  the  combustion  of  "pre-mix  gases", 
and  this  represents  combustion  which  is  especially  rapid. 

If  one  makes  large-scale  tests  of  jet  fuel  vaporization,  and  one  measures  the 
jet  fuel  pressure  N / cm' ] ,  the  amount  of  jet  fuel  Qiicc/t]  or  •■■<*£>/{  gr/x] 

as  well  as  the  percentage,  y {% ,  of  an  amount  of  jet  fuel  which  is  occupied  by 
large  and  small  fuel  droplets,  then,  it  is  possible  to  draw  out  the  curve  for  the 
probability  distribution  of  fuel  droplet  vaporization,  as  is  shown  in  Fig  16.2 
and  Fig  16.3.  If  one  assumes  that  "a  =  the  median  diameter  (that  is  to  say,  the 
fuel  droplets  with  diameters  which  are  larger  that  a"  and  the  fuel  droplets  that 
have  diameters  smaller  than  1  both  occupy  50%  of  the  amount  of  the  jet  fuel)  and 
that  this  represents  the  degree  of  fineness  of  the  vaporization,  and,  if  one 
further  assumes  that  n  =  the  uniformity  or  evenness  index  of  vaporization  =  1.5 
2,  then,  the  integral  function  of  probability,  F(a)  is 

F(«)  -  1  -  exp  |^-0.693  (4-)*]  (16.2^ 

The  distribution  function  of  probability  is 
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Fig  16.2 

1.  The  Influence  Which  Fuel  Pressure  Has  on  the  Distribution  of  Fuel  Droplet 
Diameter,  a  2.  The  Volume  of  Jet  Fuel  Occupied  by  y^%  3.  The  Amount  of  Jet 
Nozzle  Flow  4.  Jet  Fuel  Pressure 
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Fig  16.3 

1.  The  Influence  Which  the  Jet  Aperture  Has  on  the  Distribution  of  Fuel  Droplet 
Diameter,  a  2.  Fuel  Pressure  3.  The  Gauge  of  the  Jet  Aperture  4.  Jet  Fuel 
Amount,  5,  The  Volume  of  Jet  Fuel  Occupied  by  y^% 

The  conditions  of  high  fuel  pressure  and  small  jet  aperture  make  it  possible  to 
raise  the  "degree  of  fineness"  of  the  vaporization  of  the  jet  fuel  as  well  as  the 
"degree  of  evenness  or  uniformity."  The  traces  or  trajectories  of  large  and  small 
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fuel  droplets  in  their  various  motions  are  not  the  same;  their  corresponding 
velocities ,  Pr,  are  not  the  same;  the  resistance  to  the  "brushing  clean"  effect  of 
the  air  flow  is  different  in  different  cases,  and,  the  speeds  of  convection  heat 
transmission,  diffusion  and  evaporization  are  not  the  same;  for  all  these  reasons, 
the  sequence  or  order  of  combustion  can  be  different.  Each  fuel  droplet,  from 
the  jet  to  the  end  of  combustion,  has  its  own  course  of  transformation.  The 
relatively  smaller  droplets  of  fuel  evaporate  quickly,  and  their  combustion  is 
almost  immediate.  It  follows  from  this  that  a  group  of  fuel  droplets  with  an 
average  diameter  of  “would,  in  the  time  period,  t,  after  the  jet,  gradually 
increase  in  size  as  is  shown  by  the  broken  line  in  Fig  16.4.  If  we  use  the 
instrumentation  of  the  study  of  optics  to  observe  and  measure  the  order  or  sequence 
of  combustion  as  it  is  broken  down  for  a  group  of  fuel  droplets  with  a  diameter, 
a^,  then,  it  is  possible  to  record  the  probability  distribution  curves  for  large 
and  small  fuel  droplets  at  each  instant  (Fig  16.4).  We  already  know  the  amount  of 
jet  fuel,  Qf  which  corresponds  to  the  integrated  area  under  the  probability  curve 
for  a  jet  time  of  t  =  0.0.  If  we  solve  for  the  integrated  area  under  the 
probability  curve  corresponding  to  t  =  3.35  (ms),  then,  this  should  represent  the 
volume  of  fuel  droplets  which  are  left  after  3.35  (m.O  of  combustion .  In  still  air, 
the  rate  of  evaporation  for  each  fuel  droDlet,  Mj,  ip 


(?>  ’  {—) 

(16.25) 

id,  -iSEdinfl  +Z-AT  +  i*&]  [kg/«],  (16.26) 

Pi  =  fuel  density  (kg/m^);  rj  =  the  radius  (m)  of  a  fuel  droplet  i;  Cf  =  the 
specific  heat  of  the  fuel  (kcal/kg.K);  k  =  the  rate  of  thermal  conductivity  of  the 
fuel  (kcal/m.s .K) ;  IT  =  the  differential  of  temperatures  between  the  surface  of 
the  fuel  droplet  and  the  surroundings  (K);  c„  —  (p„/p)  the  concentration  ratio  of 
included  oxygen;  Hu  =  the  heat  value  of  the  fuel  (kcal/kg);  SD  ■  the  chemically 
appropriate  fuel-to-oxygen  ratio  —0.232  X  Ls—  0.232  X  14.7  ;  and  L  =  the 

latent  heat  of  evaporization  in  the  fuel  (kcal/kg). 

The  momentum  or  inertia  of  large  fuel  droplets  is  large,  and  the  corresponding 
velocities,  Vr,  are  large;  if  there  is  forced  convection  transfer  of  beat,  then. 
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the  rate  of  evaporization,  must  be  multiplied  by  a  correction  factor;  only  if 
this  is  done  can  one  obtain  the  rate  of  evaporation,  M- ,  for  convection,  that  is, 

M;  -  [1  +  0.276RC *  •  ?r*]U, 

,  Pr  -  (16.27) 

vT  r. 

The  number  of  fuel  droplets  is  extremely  large.  In  order  to  reduce  the  number 
of  differential  equations  and  economize  on  the  amount  of  measuring  to  be  done  and 
on  the  calculation  time,  let  us  take  the  fuel  droplets  and  divide  them  up  into  n 
groups  on  the  basis  of  size  (for  example  5  "w  10  groups);  let  us  assume  the  fact 
that,  within  each  of  the  groups,  the  diameters  of  the  fuel  droplets,  a. 0  *“  1» ••  •«)* 
are  all  the  same;  if  we  do  this,  then,  it  is  possible  to  set  out  n  equations. 

Let  us  assume  that  the  concentration  ratio  of  the  fuel  droplets  =  the 
concentration  of  fuel  droplets  of  a  diameter  a^  which  are  contained  in  each  m3  of 

gas  mixture/the  concentration  of  each  m 3  of  gas  mixture  which  is  equal  to 

(16.28) 

P 


Obviously, 


fuel/air  ratio  —  (16.29) 

,  <Mlm%  H.7o 


Let  us  assume  that  R^  *  the  weight  of  fuel  droplets  of  the  ith  group  which  appear 
in  each  m3  0f  the  combustion  chamber  volume  every  second;  we  may  simply  call  this 
quantity  the  appearance  rate  for  i  fuel  droplets;  T,  =  the  turbulence  flow 
diffusion  coefficient  for  the  fuel  droplets  (kg/s.m);  on  the  basis  of  the  gaseous 
concentration  diffusion  equation  (15.52),  it  is  possible  to  obtain  a  liquid-state 
concentration  diffusion  equation  for  a  quasi-stable  state  average  time  turbulence 
flow  axisytnmetrical  combustion  flow  field  as  it  appears  below: 


p 


(16.30) 


If  one  knows  the  boundary  conditions  of  the  combustion  chamber  and  the  appearance 
rate  for  i  fuel  droplets,  R(,  then,  it  is  possible  to  solve  equation  (16.30)  and 
obtain  the  liquid-state  concentration  distribution  of  the  combustion  flow  field. 
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1.  Probability  Distributions  of  Fuel  Droplets  As  They  Vary  with  Changes  in  Time 

2.  Passage  Through  the  Jet  3.  Volume  Occupied  by  the  Jet  Fuel  y £% 

4.  Diameter  of  fuel  droplets 

This  is  only  possible  under  these  conditions  and  no  others.  The  gradients  of  the 

parameters  for  each  direction  of  the  normal  lines  of  the  solid  wall  surfaces  should 

correspond  appropriately  to  the  principle  of  non-permenability ,  for  example  fit-  0. 

da 

The  quantity  d1,,‘dz  on  the  center  line  of  a  flame  tube  or  ring  cavity  as  well  as 
of  the  even  parallel  flow  of  the  exhaust  is  very  small ,  d*i,/dzl  *■  0.  At  the  jet 
nozzle,  f^  =  a  constant;  at  the  intake,  f^  =  0.  When  we  solve  for  R^,  we  ought 
to  consider  the  fact  that,  due  to  evaporation  and  combustion,  the  radii  of  fuel 
droplets  are  quickly  shortened.  This  corresponds  to  and  is  appropriate  to  the 
diffusion  of  the  fuel  and  gases  into  the  gas  flow  and  the  simultaneous  movement 
of  the  concentration  ratio  of  the  fuel  droplets,  f^,  into  a  lower  group,  f^_^, 

(Fig  16.5). 

The  range  of  the  distribution  of  probability  for  the  fuel  droplets  is 

rnt  —  p 

dr 

The  concentration  of  the  fuel  droplets  in  the  ith  group  is  P<  ■“  p/.  j  m^r  t kg  m'l 
Let  us  assume  the  fact  that  the  mixture  of  gases  has  a  density,  p,  which  is 
temporarily  invariable;  if  we  assume  this,  then,  the  rate  of  change  of  the 
liquid  state  density,  from  r  >  rh  through  the  change  to  r  <  rh  i8 
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from  r 


through  the  change  to  r  <  r^  is 


p 


AL 

dt 


Fig  16.5 

1.  An  Illustration  of  the  Evaporiaation,  Shortening  Up  and  Exchange  Between  Groups 
of  Fuel  Droplets  2.  The  Probability  Distribution  of  Fuel  Droplets  m£  3.  Fuel 
Droplet  Radius,  r 

Along  the  three  directions,  the  diffusion  rate  for  the  gases  formed  by  the  evapora¬ 
tion  of  the  fuel  droplets  is 


J  3  2.'  (^L^jdr 


Within  the  combustion  chamber,  the  rate  of  appearance  of  i  group  fuel  droplets 
for  each  m^  of  volume  each  second  (or  the  rate  of  occurrence  of  liquid  state 
concentration)  is 


fiM 


If  we  use  a  straight  line  to  take  the  place  of  the  curved  section  of  the 
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probability  distribution  of  the  fuel  droplets,  then,  as  a  function  of  the 
shortening  up  of  the  fuel  droplets,  the  range  of  the  probability  distribution  of 
the  fuel  droplets  has  an  average  value  of  m^  which  is 


m,  — ■  ■  p~ 


r  4+1 


1  kg/m4]; 


In  such  a  case,  then. 


ri+i  —  r^i 


[kg/m4]  (16.32) 


If  we  employ  equation  (16.25)  and  (16.26)  to  solve  for  the  rate  of  shortening  up 
or  shrinking  ),  then  equation  (16.31)  changes  to  be 


.  ■  -  •  •  .—  .^ver  ~  —  .  • 

R‘  I  -  M,  ‘  —  y\ 

+  r,« -ZjCrL  ~  roK 


(16.33) 


Sec  4  Combustion  Reaction  Types 

In  combustion  chambers,  the  chemical  reactions  which  take  place  at  the  same 
time  are  very  numerous.  The  types  of  gases  which  participate  in  these  reactions 
are  also  very  numerous.  However,  if  we  take  an  overall  view  of  everything,  then, 
we  can  take  the  view  that  there  are  only  three  types  of  components  into  which  the 
mixture  of  gases  can  be  divided,  that  is  oxygen,  mQX,  gaseous  fuel,  mf,  and  gases 
which  have  already  been  burned,  m^.  The  concentration  ratio  of  their  masses  is 

_  P.»  _  _  . 

,  Mf  ,  is,  *  . 

P  P  P 


moreover,  +  m,  +  m*  —  1  (16.34) 

Let  us  assume  that  the  reaction  time  of  combustion,  r*  ,  is  very  short,  that 
is,  smaller  than  1  millisecond;  let  us  also  assume  that  the  time  of  mixing  diffusion 
is  To  a* 3  ~  4  milliseconds;  if  we  make  these  assumptions,  then,  at  a  certain  single 
coordinate  in  the  space  of  the  combustion  chamber,  there  cannot  exist  both  mQX  and 
mf  at  the  same  time.  Let  us  assume  that  we  have  the  chemically  appropriate  ratio 


between  the  masses  of  oxygen  and  fuel  S0  *  0.232Lo,  and  that  LQ  «  the  appropriate 
mixture  ratio  between  air  and  fuel.  When  one  is  dealing  with  a  situation  in  which 
the  combustion  of  a  lean  mixture  is  taking  place,  then,  the  oxygen  left  over 
—  «/$«)•  If  one  is  dealing  with  a  situation  in  which  the  combustion  of  a 

rich  mixture  is  taking  place,  then,  the  fuel  left  over  —  (m,  -  If  we  assume 

that  the  overall  class  of  the  reaction  is  m  -  2  and  that  the  class  of  the  fuel 
reaction  is  n  *  1,  then,  on  the  basis  of  the  rate  of  the  disappearance  of 
oxygen  which  is  written  down  as  (15.75a)  of  Chapter  15  *=  the  reaction  rate  of 
combustion,  which  is 

=  R"  =  —  W„  =  •  m,  •  [kg/m'  •  *], 

dt 


Kq  =  the  reaction  constant 


(16.35) 


Sec  5  Basic  Equation  System  for  Combustion  Flow  Fields 

Let  us  take  the  basic  differential  equations  for  the  axisymmetrical  average¬ 
time  turbulence  flow  gaseous  fuel  combustion  flow  fields  in  Sections  7,  9  and  10  of 
Chapter  15  and  let  us  put  them  together  below,  as  follows: 

Continuity  Equation  .  .  — 

±-^<rpu)  +  -£-<>w)-0  [kg/m5  •  *]  (15.30) 

r  dr  dx 


Axial  Momentum 


(w£*  +  a|=)--|£. 

\  dt  dr  1  dx 


+  J __a_(rr„)  +  ^  [N/m'l  05.32) 

r  dr  Ox 


Radial  Momentum 


L  +  u  .5“  -  OO 

V  dz  dr  T  J  dx  r  dr 


_  1st  _  [N/m’) 

r  dr 


(15.34) 


Circumferential  Momentum 


(15.39) 


'Or  dz  r  1  dz 


+  j; [N/o»»] 


Coefficient  of  Heat  Flow 


Concentration  Diffusion 


- —  -T-(.rqr')+$  [kcal/aa*  •  *] 

r  Or 


(  dm,  dm.  \  Q  ,  ,  . 

<V  IT  "t)'  “87  <«• 


(15.47) 


7  '(/,),  -  K;  [kg/m 


’•*] 


*J  (15.52) 

On  the  basis  of  Chapter. 4  and  Chapter  5,  it  is  possible  to  take  the  set  of 
equations  from  (15.30)  to  (15.52)  and  put  them  together  to  write  the  equations  in 
vector  and  tensor  form.  The  parameters  of  average  time  turbulence  flow  fields, 
such  as  density,  p,  and  so  on,  do  not  vary  with  changes  in  time,  that  is,  (9/9*)  =  0, 
and  for  the  axisymmetrical  flow  fields,  £djrd6')wm  0.  Let  us  assume  that  17 
represents  a  turbulence  flow  stress  or  force  tensor.  Let  us  take  the  vectors 
and  tensors  and  use  them  to  write  out  the  basic  set  of  equations  for  a  flow  field 
as  they  appear  below: 

Continuity  equation  V-  0»V)-0  (16.36) 

Energy  equation  pCV  •  V)/  «■  — V  •  q  4-  4>  ~~  pCW}  (16.37) 

Momentum  equation  ’  WV  ”•  —Vp  +  V 

Concentration  Diffusion 


n 


Pcy  •  r)m,  — v  •  +  R, 


(16.38) 

(16.39) 


If  we  take  the  four  equations  above,  we  still  are  not  able  to  solve  for  the 
pressure  field  p  —  (>(',&>*)  ;  neither  can  we  solve  for  the  velocity  field 

^  *  l'(f> *);  or  the  temperature  field  T  —  T  (r ,  0 >  *)  or  the  concentration  field 
f»,“  m,  (<-,0,*);  this  is  due  to  the  fact  that  p,l,Ri,Tl,  q  and  /,  are  still 
not  determined  with  precise  values.  It  follows  from  this  that  it  is  still 
necessary  to  find  six  more  equations,  that  is. 

The  status  equation  p~p-=?T  ,  where  M  ■  the  average  molecular  weight  of 
the  mixture  of  gases.  (16.40) 

The  total  enthalpy  equation  /  —  crT *  4-  m,H%,  where  Hu  -  the  heat  value  of 
the  fuel  (kcal/kg)  (16.41). 
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The  reaction  equation -R„  «■  ,  where  the  reaction  constant  is  KQ  (kg/m^.s) 

(16.42). 

The  stress  or  force  tensors  are 
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Or  n  —  urCvV  +  Vv)  —  f  —  pTvV,see  equation  (5.28)  (16.43). 

The  heat  flow  equation  q  •»  —  r,V7,  see  equation  (15.45)  (kcal/m2.s)  (16.44). 

The  concentration  density  is  J,  «—  — T,Vm,  ,  see  equation  (15.49)  (kg/m2.s)  (16.45). 


After  we  get  values  for  f*r,Tt,T,  and  R(  f  and  we  map  out  the  form  of  the 
turbulence  flow  and  the  form  of  the  reaction,  then,  it  is  possible  to  set  our 
sights  on  the  problem  of  operational  configurations  and  boundary  conditions  for 
actual  missions  or  projects  and  the  consideration  of  how  solve  for  these. 


Sec  6  Proper  Logical  Order  for  Calculations  of  Combustion  Flow  Fields 

(1)  What  is  included  in  Task  Analysis?  Choice  of  structural  form,  main  engine 
combustion  capability  requirements  the  effects  of  new  technologies  and  new 
materials,  capital,  labor,  equipment,  deadlines,  and  so  on. 

(2)  What  is  included  in  theoretical  principles?  To  distinguish  from  each 
other  and  analyze  out  the  scope  of  a  flow  field  as  well  the  laws  of  the  conservation 
of  mass,  momentum  and  energy  which  pertain  to  it,  the  turbulence  flow  viscosity, 

the  turbulence  flow  stresses  or  forces,  the  diffusion  of  heat  flow,  as  well  as  the 
principle  governing  the  diffusion  of  concentration,  one  must  also  deal  with  the 
selection  of  independent  variables,  dependent  variables  and  a  coordinate  system; 
all  of  this  is  aimed  at  the  simplification  of  the  set  of  equations  involved  in 
an  actual  project. 

(3)  Dependent  variables  of  transformation.  If  we  are  considering  the  case  of 

a  vortical  combus.ion  flow  field  which  has  a  vortical  strength  number  5^0.6  ,  then, 
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Fig  16.6 

1.  The  Logical  Order  or  Sequence  for  the  Calculation  of  a  Flow  Field  2.  Task 
Analysis  3.  Theoretical  Principles  4.  Set  of  Partial  Differential  Equations 
5.  Form  of  Turbulence  Flow,  Form  of  Reaction,  Form  of  Vaporization,  Form  of 
Radiation  6.  Transformation  Variable  Difference  Equations  7.  Dimensions  of  the 
Shape,  Operational  Configurations,  Original  Parameters,  Boundary  Conditions, 
experimental  Data  8.  Computational  Language  Program  9.  Machine  Entry 
Operations  10.  Verifying  Experimentation  11.  New  Design  Form 

due  to  the  fact  that  counter-current  flow  is  present,  changes  in  pressure  as  one 
goes  down  the  flow  have  an  influence  on  the  upper  reaches  of  the  flow.  It  follows 
from  this  that  it  is  not  possible  to  use  the  "parallel  flow  scanning  method"  and, 
on  the  basis  of  the  numerical  values  for  some  nodal  points,  to  deduce  the  numerical 
values  for  others.  In  order  to  overcome  this  difficulty,  it  is  possible  to  take 
the  dependent  variables  u,  w  and  p  from  the  set  of  differential  equations  for  an 
axisymmetrical  average  time  turbulence  flow  field  and  change  them  into  the  flow 
function  <!>  and  curl  or  degree  of  vorticity  w  (see  Sections  8  and  6  of 
Chapter  4).  From  the  continuity  equation  in  the  Section  5  of  this  chapter, 
because  of  the  fact  that  there  is  no  relationship  between  r  and  z,  it  is  possible 
to  take  equation  (15.30)  and  change  it  into 


(  16.  4'j) 


_a_ 

dz 


(rpw) 


Let  us  assume  that  we  have  an  average  time  flow  function  <J>  to  satisfy  equation 
(16.46);  if  this  is  the  case,  then,  it  should  also  be  true  that 
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Let  us  further  assume  that  the  curl  or  degree  of  vorticity  within  the  meridian 

plane  of  the  flow  field  is  w  —  —  —  — »  if  this  is  the  case,  then  the 

d t  dr 

new  variable  is  f  “  (16.48)  #  jn  order  to  simplify  calculations 

let  us  assume  that  Mr,  r,  and  F,  in  various  different  directions  are  all  equal 
to  each  other,  and  let  us  also  assume  that  the  normal  stresses  or  forces  produced 
by  turbulence  flow  friction,  0rrt  *•*» a**  are  also  all  equal  to  each  other.  If 
we  take  4>  to  represent  a  certain  dependent  variable  such  as  4,  £,  the  excess  of 
left-over  fuel  concentration  ratio,  mf,  the  total  enthalpy  1,  and  so  on  (Sec  4  of 
this  chapter),  then,  the  five  equations  from  (15.30  to  (15.52)  can  all  be  subsumed 
under  the  all-purpose  equation  set  out  below,  that  is. 


(l6-49) 

(7r  l  Or 


The  parameters  *«  4  and  in  the  equation  above  are  all  functions,  which 

are  already  known,  of  other  independent  variables. 

For  example,  if  we  utilize  <#>—“<#>»  then,  a#  —  0,  6,  «- — ,  c*  —  1,  </«*=  — :' 

r*o  r 

if  we  use  ,r  «=  —  *  ^  ,  then,  a%  *=  u  ,  and 
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If  we  utilize  the  fuel  concentration  ratio  m,  —  4>  ,  then,  “  (r  “ 

1» 

If  we  use  the  total  enthalpy  1  —  4>>  then  a*  “  t,  ™  I*,  ■*  ♦/  427. 


Sec  7  Difference  Equations  and  Solution  Methods 

Equation  (16.49)  is  a  second-degree,  non-linear,  non-homogeneous  partial 
differential  equation  with  an  ellipsoid  shape.  If  there  are  N  dependent  variables 

4.  ,  then,  combustion  flow  field,  it  is  first  necessary  to  take  this  type  of 

differential  equation  and  change  it  into  a  difference  equation.  Take  the  rz  plane 
of  the  flow  field  and  divide  it  up  into  several  grid  nodal  points,  then,  use  the 
"implicit,  full-field  relaxation,  successive  approximation  method"  to  solve  for  the 
numerical  values  of  the  nodal  points.  The  flow  function  <t>  and  the  vorticity  or 
curl  *  ought  to  be  solved  for  simultaneously,  and  then  one  should  utilize 
equations  (16.47)  and  (16.48)  to  solve  for  u  and  w;  after  this  is  done,  then,  it  is 
possible  to  use  a  momentum  equation  to  solve  for  p.  What  is  known  as  "full  field 
relaxation";  that  is,  in  the  repeated  application  of  the  successive  approximation 
method,  causes  the  reduction  of  all  the  computational  remainders  (errors)  •*  at 
each  of  the  nodal  points  in  the  flow  field.  This  type  of  successive  approximation 
leads  directly  to  the  minimization  of  the  errors,  e  ,  for  each  nodal  point. 

What  is  known  as  "implicity,"  that  is,  the  computation  of  data  for  the  nodal  points 
in  the  lower  reaches  of  the  flow,  is  entirely  contained  in  the  equations,  and  it 
is  not  possible  to  directly  utilize  the  earlier  repeated  substitution  of  values, 
and  it  becomes  necessary  to  solve  three  or  five  simultaneous  algebraic  equations. 

If  we  assume  that  n  is  the  indicator  for  the  number  of  times  approximations  are  done 
(not  an  exponent)',  then,  i  and  j  are  the  indicators  for  the  rows  and  columns  of  the 
nodal  points.  Fig  16.7(a)  has  an  implicit  unifilar  3  point  computational  formula 
which  is 


+  (other  n  class  quantities)  (16.50) 

The  formula  for  the  five  point  computation  of  the  stability  function  full  field 
method  for  Fig  16.7(b)  is 
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_  i  i  ,  * 


+  fl.o'T'i  +  «*47.T-i  —  e'j  +  (other  n  class  quantities)  (16.51) 


The  length  of  the  interval  between  nodal  points  in  the  grid  is 

Asi  “  ""  *1+1.1  **.i.  r,j  "  *».i— i  *  *.,/+i  *»i. 

The  implicit  full  field  relaxation  method  difference  equation  for  equation  (16.49) 
is 

~  —  C„<t>0  -+-  —  0  (16.52) 

b* 


The  non-linear  parameters  of  the  equation  above  are 

.er-{«»+ . 

r^g.,0)]  /d*\ 

l  f  J*/  >  /  ii 


(16  53) 


r^.,(3)l  (d£\ 

l  rb^  .  >i\dr  ) H 


(16.54) 


( 16/5  i 


+  f  ix./n  ]  (d±\ 

L  rbt  '  dr  -'•» 

.  :“^ua  ‘  <>«o 

£*»  C  lit  +  C^I 


+  t^L  (£).+{«» 

-*&<£'•* :  .*  <•«’> 

In  order  to  improve  the  degree  of  precision  or  accuracy,  we  can  make  particularly 


fine  divisions  in  the  interval  of  the  grid  in  those  areas  close  to  the  boundaries. 

I f  we  proceed  in  this  way,  then,  the  length  of  the  intervals  1  r  and  :z  are  not 
j-iformly  equal.  After  drawing  out  a  grid  network  which  is  not  uniformly  even  in 
•n*  aensity  with  which  its  divisions  are  laid  out,  then,  it  is  possible  to  make 


353 


J 

all-purpose  use  of  the  row  and  column  indicators  Crt,  C,j,  Cn  (see  Fig  16.7b). 
If  we  already  know  the  interval  lengths  Ar,,  Ar»,  A*t,  &*tt  then 


Ar* 


«■  't-  **. 


«■  (Ar*  +  j 

Ar, 

C„(l)  ”  (Ar,  Vfcr,) 

>  “/j  ;.  . 

Ca(2)  “  (Aj-i)  .  .  . 

A*:,  .  .  - 

crtO)  —  Af,  -f 


(16.58) 


C.,(l) 


C,.(2) 

C  „(3) 


— '  (As,  +  Az2) 
Az3 

(At,  —  A;,) 

Az,  Atj 

— —J  (  Az,  +  Az2) 
Aa. 


C.i(l) 


A.-,) 


C» (2)  -  -f-(At2) 

Ai, 

c„(3)  “  CA*.  +  Az2) 


(16.59) 


The  procedure  for  the  solution  of  (16.52)  for  numerical  values  is  as  follows:  on 
the  basis  of  the  materials  at  hand  and  the  task,  first  make  an  initial  guess  at 
the  distribution  of  <t>  .  Write  out  the  equations  for  the  remaining  error  •  for 

each  of  the  nodal  points  in  the  entire  field.  Then,  use  a  "reversing  implicit" 
computational  language  to  simultaneously  solve  this  entire  set  of  remaining  error 

equations.  If  we  proceed  in  this  way,  then,  each  time  we  make  an  approximation, 
the  remaining  errors,  *  ,  for  the  entire  field  are  all  reduced  one  more  time. 
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At  the  nodal  point,  i j ,  the  equation  for  the  remaining  error  left  after 

the  nth  approximation  is  as  follows  e*., 

csj-rfj-x  +  c:#:,  +  (^i)  (i6.60> 

For  the  limiting  case,  _  * 


If  we  partially  differentiate  equation  (16.60)  against  4>  ,  then  we  can  obtain 
the  various  parameters 


(.)  .  W  ****** 

Ei 6.7 
Fig  16.7 


1.  Relaxation  Procedure  2.  Implicit  Unifilar  Method  3.  Implicit  Full  Field 
Method 

Because  of  the  fact  that  the  various  parameters  C*  are  all  implicit  functions, 
besides  which  it  is  also  true  that  other  variables  also  influence  the  remaining 
error,  «,  it  follows  that  we  should  use  $,*  to  represent  the  influence  on  £ 
of  the  total  of  several  quantities. 

If  we  once  solve  the  chain  formula  (16.61)  to  represent  a  set  of  full  field 
r''axation  equations,  then,  it  is  possible  to  undertake  the  (n+l)the  approximation. 
If,  when  we  start,  we  already  know  then  it  is  possible,  on  the  basis  of  the 
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algebraic  equations  of  Newton  and  others  for  the  extraction  of  roots,  to  solve 
equation  (16.61). 

The  first  step  is  to  make  an  attempt  at  solving  the  equation  in  question;  to 
do  this,  first  assume  -  0.  From  equation  (16.61),  figure  out  an 

intermediate  value,  4>*» .  From  the  results  of  this  calculation  and  on  the  basis 
of  the  "outward  stretch"  method,  select  a  value  for  .  We  can  then  use  this 

value  for  in  the  second  step  determination  of  a  precise  value  for  the  (n+l)th 

approximation  to  the  value  of  ^  ;  on  the  basis  of  this,  we  can  then  figure  out 
that  •=  --  .  If  we  make  use  of  equation  (16.52),  then,  the  relaxation 

approximation  formula  in  the  tentative  try  at  a  solution  in  step  one  becomes 

“  C7,<£*  —  —  •  ...  ,.<16.63) 


If,  around  each  nodal  point  (ij)  in  a  flow  field  grid  network  we  write  an 
equation  of  the  form  of  equation  (16.63),  then,  we  obtain  a  set  of  linear  algebraic 
equations.  We  then  solve  this  set  of  linear  algebraic  equations  on  the  basis  of 
the  "alternating  or  reversing  direction  implicit"  method  of  solution. 

Form  solving  equation  (16.63),  we  obtain  the  dependent  variable  intermediate 
value  wi  after  this  is  done,  then  on  the  basis  of  equations  (16.531  to  (16.57), 
we  figure  out  all  the  parameters  C^j,  and  use  equation  (16.52)  to  figure  out  the 
remaining  error  e**.*. 

On  the  basis  of  the  data  which  have  already  been  figured  out,  we  then  extend 
the  process  to  the  nth  approximation  and  the  intermediate  value  (*),  and  deduce 
<J>*  for  the  (n+l)th  approximation. 

Let  us  assume  that,  when  we  are  figuring  the  nth  approximation,  the  error  tf>* 
or  deviation  =  0;  on  the  basis  of  this  assumption,  we  can  say  that  dtf,  «  Oj  in 
this  case,  from  equation  (16.52),  the  remaining  error  or  deviation  that  we 
calculated  should  be  *♦*;  it  follows  from  this  that,  from  equation  (16.60),  it  is 
possible  to  obtain  the  relationship 

If  we  are  considering  the  fact  that,  from  the  nth  to  the  *th  approximations. 


there  are  two  instances  of  error  or  deviation,  because  of  the  fact  that,  in  the 
case  of  the  first  step  in  which  we  made  a  tentative  attempt  at  a  solution,  we 
already  knew  that  the  remaining  error  or  deviation  was  and  we  also  knew 

that,  in  this  situation,  <p*  —  o,  we  can  utilize  the  secant  method  (Fig  16.8),  and. 


in  the  second  step,  select  for  use  a  which  should  be 

<r  „ 

,-L** 
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(  1  6  O  •*  ) 


I 

■  16.8 


Fig  16.8 

1.  The  Secant  Extrapolation  Method 


If  we  take  the  intermediate  value  *  between  the  two  approximations,  and  push  them 
to  the  (n+l)th  approximation,  then,  it  is  possible  to  take  equation  (16.63)  and 
expand  it;  after  this  is  done,  then,  if  we  substitute  the  value  for  <P‘t  which 

we  obtained,  into  equation  (16.64),  we  can  solve  for  0**'.  ,  as  follows, 


-  -  cUj+'-Vi  -  CV+1^>;,X', 

~  —  0*  (16.65) 


< 


The  two-step  "implicit  function  relaxation  approximation  method"  certainly 
appears  to  be  a  lot  of  trouble;  actually,  it  is  very  helpful  and  effective.  For 
example,  if  we  assume  that  all  the  parameters  Cjj  are  unrelated  to  0^  ,  then, 

<P’ ,  =  u;  on  the  basis  of  this,  we  can  simply  approximate  one  time,  and  we  can  then 
obtain  an  accurate  solution.  The  strong  point  of  this  method  is  that,  when  one  is 
carrying  out  an  approximation,  the  remaining  errors  or  deviations  for  the  whole 
field  all  tend  toward  zero,  and  the  mutually  related  non-linear  influences  can  be 
represented  by  <P*j  . 

Let  us  consider  the  Alternating  Direction  Implicit  computational  language,  ADI. 
Equation  (16.63)  or  (16.65)  is  the  numerical  standard  or  normal  equation  for  the 
remaining  error  or  deviation  from  the  ellipsoid  partial  differential  equation  for 
a  combustion  flow  field;  it  can  be  written  in  an  all-purpose  form  as  follows: 


(Let  us  assume  that  co  “  Cz’,  +  CrmM,  then, 


C' I  +  CrfoS*  -  c,v, 0,7.1,  -  Ji 

(16.66) 
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The  solution  of  equation  (16.66)  requires  the  use  of  a  five-line  diagonal 
matrix.  The  ADI  method  takes  the  five  lines  and  turns  them  into  a  three-line 
diagonal  matrix,  and,  finally,  uses  the  "Gaussian  block  elimination  method"  to 
achieve  a  solution. 

In  order  to  utilize  the  ADI  method,  it  is  first  necessary  to  take  the 
difference  quantities  for  the  horizontal  (j  not  changing)  and  the  vertical  (i  not 
changing)  out  of  equation  (16.66)  and  separate  them,  that  is, 

-  i- 

“  ji,  -  c 

+  c: +  n,  <i«.67) 

+  crfor+1  - 

+  ^5“  -  p4>7?'  +~C7-u4>?-Vj  ■ 

-  ■  +  /T;.  '  ,.<164>8) 


The  p  in  the  two  equations  above  is  called  the  "acceleration  approximation 
coefficient."  Let  us  assume  that  m  =  the  numerical  value  for  the  first  acceleration 
coefficient  or  parameter  &  which  was  used.  If  we  are  considering  a  case  in  which 
the  three-lire  diagonal  matrix  involved  has  a  maximum  value  *  b  and  a  minimum 
value  =  a,  then. 


If  we  use  the  equation  below  to  figure  out  the  smallest  whole  value  for  m,  then,  it 
is  possible  to  decide  how  best  to  use  several  different  values  of  ,  that  is. 


-JV-# 


The  ADI  method  utilizes  equations  (16.67)  and  (16.68)  by  switching  their 
calculations  back  and  forth.  If  one  reaches  the  point  at  which  the  corresponding 
errors  or  deviations  for  two  successive  approximations  are 


< <l oo '  ’~: 
n  Ji-:' ; 


then,  it  is  possible  to  end  the  calculation. 
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Sec  8  Sample  Results  of  Combustion  Flow  Field  Calculations 

(1)  Flame  tube-type  combustion  flow  fields.  If  we  take  the  flow  function  4> 
and  the  curl  or  vorticity  u  and  use  them  to  replace  the  flow  speeds  u  and  w  as 
well  as  the  pressure  gradient  (dp'dt)  *  then,  on  the  basis  of  the  difference 
equations  employed  in  previous  sections  on  axisymmetric  flow  fields  as  well  as  on 
the  basis  of  numerical  calculations,  it  is  possible  to  obtain  an  average  time 
quasi-stable  flow  line  spectrum  for  the  forward  part  of  a  flame  tube.  We  already 
know  the  internal  ring  and  external  ring  diameters,  d  and  D,  of  the  intake  vortical 
flow  devices,  the  amount  of  intake  gas  flow  G0  (kg/s)  as  well  as  the  temperature 
T0  and  the  pressure  pQ.  According  to  Sec  11  of  Chapter  6,  the  vortical  strength 
number  figures  out  to  be  S  =  1.57.  Large  and  strong  rotational  jets,  in  the 
forward  part  of  flame  tubes,  create  radial  and  axial  pressure  gradients  which  cause 
the  formation  of  areas  of  counter-current  flow  ( d'/d',  =  a  negative  value)  as  well 
as  vortical  rings.  If  we  take  as  a  basis  the  facts  that  the  counter-current 

j/j  t  , 

boundary  line  is  w  =  0,  and  that  —  ■»  0,  then,  along  inward-tending  and  outward- 

tending  radii,  one  sees  represented  flow  lines  for  different  amounts  of  flow 
(Fig  16. S'/.  According  to  equation  ( 16  .47 )  4>  “  rpwjr,  4>*  is  the  flew  line  which 
hugs  the  inside  wall  of  the  outer  ring  of  a  vortical  flow  device. 


1.  The  Flow  Line  Spectrum  for  a  Flame  Tube-type  Combustion  Flow  Field  2.  Ignition 
Flame  3.  The  Amount  of  +  Roll  Up 

(2)  A  comparison  between  experimentation  and  calculations  concerning  the 
combustion  of  round  tube  combustion  chamber  rotational  jets.  Natural  gases  are 
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supplied  from  a  jet  nozzle  in  the  center  of  one  end  of  a  round  tube  combustion 
chamber  with  an  internal  diameter  of  200  (mm)  (the  most  important  of  these  is 
methane  or  methyl  hydride).  Around  the  jet  nozzle,  there -is  the  presence  of  an 
axial  gas  supply  Gq  and  a  tangential  gas  input  volume  G,  ;  this  situation  forms 
a  rotational  jet.  It  is  possible  to  adjust  (C«/C»)  so  that  it  will  be  equal  to  S’ 
and  represent  the  vortical  strength  number.  We  did  experimental  measurements  of 
the  gas  temperatures  T  (K)  along  the  axis  of  symmetry  (Fig  16.10).  Besides  this, 
on  the  basis  of  the  set  of  average  time  quasi-stable  state  differential  equations 
set  out  in  previous  sections  for  axis ymme trie  combustion  flow  fields  and  on  the 
basis  of  the  associated  difference  equations,  we  figured  out  a  comparison  between 
the  calculated  distribution  of  gas  temperatures  along  the  axis  line  and  the 
experimental  values  obtained  for  this  distribution.  It  can  be  seen  that,  if  one 
raises  the  tangential  and  axial  gas  supply  ratio.  S',  (as  well  as  the  vortical 
strength  number,  S),  then,  it  is  possible  to  shorten  the  flame  and  raise  the 
temperature  of  combustion.  Combustion  efficiency  and  stability  are  also  raised 
along  with  S ' . 


1.  A  Comparison  of  the  Influence  of  Vortices  on  the  Temperature 
Along  the  Axis  of  Symmetry  2.  Calculation  3.  Experimentation 
Strength  Number 


Distribution 
4.  Vortical 
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